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ABSTRACT 
 Phenotypic plasticity, the capacity of individuals to respond to changing 
environments by modifying traits, is critically important in allowing biological 
innovation in the face of environmental change. My dissertation used the clown 
anemonefish (Amphiprion percula) study system to explore plasticity in parenting 
strategies in response to variable ecological and social environments.  
 In Part I, I investigated plasticity in response to ecological environment. First, I 
explored how resource variation influences parenting strategies. I measured parental 
behaviors in A. percula under two feeding regimes in the laboratory. I demonstrated that 
clownfish exhibit plasticity in parental care, and that there is significant among individual 
variation, i.e., personality, in parenting strategies. Second, I tested how plasticity affects 
life history strategies in the field. I measured habitat, reproductive, and parental traits in a 
natural population and found positive correlations between resource availability 
(anemone size) and body size, reproduction, and parental care. I conducted an 
experimental manipulation of resource availability and found that reproduction and 
 
 vii 
parental care are plastic, providing a causal link between habitat quality variation and 
reproductive success in natural populations.  
 In Part II, I investigated plasticity in response to social environment. In my third 
chapter, I explored how parents utilize social information to optimize their parental 
investment. I developed a game theory model that provides predictions for how power 
and punishment influence negotiations between parents over offspring care. The model 
predicts that the threat of punishment by a powerful parent will result in greater partner 
effort and, as a result, the offspring receive more total care when there is power and 
punishment in negotiations. Finally, I tested alternative models along with the model I 
developed, investigating how parents respond to each other to reach a negotiated 
settlement over offspring care. I experimentally handicapped one pair member and 
measured the response of the other parent. I found that anemonefish males and females 
do not respond directly to changes in their partner’s behavior, contrary to predictions of 
current negotiation models. Together, results from my dissertation extend our 
understanding of plasticity of parental care, providing a framework for understanding 
how parents will respond to changing environments.  
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 Phenotypic plasticity, the capacity of individuals (or genotypes) to express 
different phenotypes in different environments, has recently been of great interest due to 
its role in contributing to diversity and innovation (West-Eberhard 2003; Pfennig et al. 
2010; Wund 2012; Laland et al. 2014). Individuals can benefit from plasticity because 
they can respond to their environment by modifying their physical and behavioural traits. 
Behaviours can theoretically change more freely than physical traits, therefore behaviour 
can be tremendously plastic (West-Eberhard 2003). However, individuals also exhibit 
‘personalities,’ consistent individual differences in behaviour, and it is not intuitively 
obvious why individuals would behave consistently rather than plastically in response to 
environmental changes (Sih et al. 2004; Dingemanse & Wolf 2013; Alonzo 2015). 
Intriguingly, plasticity and personality are not mutually exclusive, as among-individual 
differences in plastic responses, measured as individual by environment interactions, IxE, 
have recently been demonstrated (Westneat et al. 2011; Royle et al. 2014; Barbasch & 
Buston 2018). This IxE variation presents an evolutionary conundrum because if plastic 
individuals are able to gain an advantage by adaptively responding to the environment 
they are in, why are not all individuals plastic? Answering this question will give insight 
into when and how individuals respond to varying environments, ultimately contributing 
to our understanding of whether organisms can adapt to a rapidly changing climate. 
Parental care provides an important context for studying how individuals respond 




energy (Royle et al. 2014). Parents benefit from providing care by improving the survival 
prospects of their offspring, but care is given at the expense of other activities, such as 
foraging or investment in future reproductive opportunities (Trivers 1972; Stearns 1989). 
The optimal decision over how much to invest in current versus future reproductive 
opportunities can shift depending on both the ecological and social environment of the 
parent (Dingemanse & Wolf 2013; Royle et al. 2014). These shifting decisions may be 
particularly relevant to species with bi-parental care because parents must assess their 
own condition as well as that of the environment and their partner to determine the 
optimal parental investment strategy. Furthermore, in species with bi-parental care, 
conflict arises because each parent prefers to shift the burden of care to the other and reap 
the benefits while their partner pays the costs (Parker et al. 2002). The outcome of this 
conflict will determine whether and how much care offspring receive, and therefore have 
consequences for future generations. 
My dissertation research used the clown anemonefish (Amphiprion percula) as a 
study system to answer key questions about the causes and consequences of variation in 
parenting strategies in response to variable ecological and social environments. 
Clownfish are particularly well-suited to studies of plasticity in parental care. Clownfish 
live in close association with sea anemones, Heteractis magnifica (Fautin 1992), allowing 
female and male pairs to be manipulated and tracked by researchers through time. 
Furthermore, clownfish form monogamous breeding pairs living with unrelated group 
members, allowing for studies of parental care that control for the potentially 




(Elliot & Mariscal 2001, Buston 2003b), while reproductive opportunities inside the 
anemone are limited to current partner quality and the presence of non-breeding group 
members, which represent potential future mates for both the breeding female and the 
breeding male (Buston 2004), allowing for studies of interactions between caring parents 
that control for differences among the parents in future reproductive opportunities. 
Finally, both parents provide care to their eggs (Green & McCormick 2005), which is 
relatively rare in fishes (Gross & Sargent 1985), providing the opportunity to expand our 
understanding of plasticity in parental care to a new social system. 
Clownfish parents face variable ecological and social environments that might 
influence the optimal parenting strategy. First considering the ecological environment 
parents face, observations have revealed robust positive correlations between anemone 
size, female size, and group size, which are indicative of variation among groups in 
habitat quality (Fautin 1992; Elliott & Mariscal 2001; Buston & Elith 2011; Chausson et 
al. 2018). Differences among anemones in the access to resources they provide, may 
therefore play a critical role in generating variation in reproductive success among groups 
yet no studies have experimentally tested the role of plasticity of parental care in 
generating among-group variation in reproductive success. Second, considering the social 
environment parents face, breeding pairs will raise offspring together tens or even 
hundreds of times (Buston 2004; Buston & Elith 2011), providing an extended social 
context in which parents interact. Theoretical models have guided our understanding of 
how parents should respond to each other to reach a negotiated settlement over how much 




Johnstone & Hinde 2006; Johnstone et al. 2014), however empirical tests of these models 
have typically focused on a single hypothesis and have been conducted almost 
exclusively in birds (Harrison et al. 2009), revealing the need for rigorous tests of 
alternative hypotheses in different taxa. The clownfish study system therefore provide 
unique opportunities to expand our understanding of how parents cope with changing 
ecological and social environments. 
 The first part of my dissertation explores the causes and consequences of 
plasticity in parental care and reproduction in response to the ecological environment. In 
Chapter 2, I begin by exploring how resource availability influences individual parental 
responses to the environment. Breeding pairs of A. percula were fed either a high or a 
low food ration and their parental behaviours were monitored through time and across 
environmental contexts. I characterized the individual variation in terms of plasticity, 
which describes variation within an individual through time, and personality, which 
describes repeatable variation among individuals. Characterizing individual variation 
provides the first step in understanding how and why parents vary in their parenting 
strategies. In Chapter 3 I explored the causes of this variation using a natural population 
of anemonefish (Amphiprion percula), whose access to resources is likely constrained by 
the quality of their habitat. I surveyed the population and measured the correlations 
between anemone area, size, reproductive output, and parental care. Next, using structural 
equation modeling, I tested the hypothesis that these correlations result from variation in 
habitat quality. Finally, I tested whether variation in the availability of resources can 




chapters 2 and 3 provide insight into how parents respond to variable ecological 
environments. 
The second part of my dissertation explores plasticity in parental care and 
reproduction in response to the social environment. The social environment faced by 
parents can be incredibly variable, as social interactions involve interactions with 
conspecific individuals that have different interests and life histories (Oliviera 2012; 
Royle et al. 2014). In Chapter 4, I explored in general terms how parents utilize social 
information to optimize their parental investment strategies. I developed a game theory 
model that provides predictions for how power and punishment influence negotiations 
between parents over offspring care. The results from this model fit into a series of 
alternative models that make predictions for how social factors influence the outcome of 
negotiations between parents over care. In Chapter 5 I performed a test of these 
alternative models of negotiation in clownfish. I experimentally handicapped one pair 
member and measured the response of the other parent to investigate how parents 
respond to each other to reach a negotiated settlement over offspring care. Results from 
chapters 4 and 5 expand our understanding of the diversity of outcomes of negotiations 
and test the generality of theory. Together, results from my dissertation provide a 
framework for understanding how and why parents provide parental care when it is costly 
and riddled with conflict, and ultimately contribute to our ability to predict how 





Plasticity and Personality of Parental Care in the Clown Anemonefish  
2.1 Abstract 
 Characterizing individual variation in parental care is critical to understanding 
how selection shapes and maintains patterns of care, yet little is known about how 
individual parents vary in their responses to the environment. Reaction norms, functions 
that describe how phenotypes change across an environmental gradient, provide an 
elegant framework for studying individual variation in behavioural responses. We use a 
reaction norm approach to investigate how studying plasticity, which describes variation 
within an individual through time, and personality, which describes repeatable variation 
among individuals, together explain individual variation in the parental behaviour of the 
anemonefish Amphiprion percula. More specifically, we test how resource availability 
influences individual parental responses to the environment and discuss the consequences 
for our understanding of plasticity and personality in parental care. Breeding pairs of A. 
percula were fed either a high or a low food ration and their parental behaviours were 
monitored. Individuals exhibited plasticity in parental behaviour across the two resource 
environments. Furthermore, individuals were repeatable in their behaviour through time, 
as evidenced by significant among-individual variation in intercept. Finally, the slope and 
elevation of individual reaction norms varied, revealing a level of variation not captured 






Parental care consists of an incredible diversity of forms. Patterns of care vary 
within individuals through time as well as among individuals in a population (Royle et al. 
2012). Explanations for variation in patterns of care stem from the theory that parents 
face a trade-off between investing in current versus future reproductive opportunities, and 
therefore the benefit of care to increased offspring fitness must be balanced against its 
cost to residual reproductive value (Trivers 1972). Furthermore, an individual’s optimal 
level of care can be influenced by genes, development, social and ecological context, or a 
combination thereof (Dingemanse & Wolf 2013). Therefore, the costs and benefits of 
providing care at any point in time can be influenced by past, current and expected future 
experiences, and this explains why there might be so much variation in parental care 
(Dingemanse & Wolf 2013; Royle et al. 2014). A critical step towards understanding 
how the current environment acts on individuals to shape patterns of parental care is to 
characterize the individual variation in responses to the environment. 
First, there can be variation within individuals over time, associated with variation in 
their condition or context (i.e. plasticity). Plasticity refers to the capacity of individuals 
(or genotypes) to express different phenotypes in different environments (West-Eberhard 
2003). Selection may favour plasticity in parental care if plastic individuals can 
adaptively modify their behaviours to cope with a changing environment (Royle et al. 
2014). Many studies have demonstrated average population plasticity in parental care in 
response to various environmental influences, including brood size and age (e.g. 




2005; Lissaker & Kvarnemo 2006), sex change (Green & McCormick 2005) and food 
resources (e.g. Krause et al. 2017; Kvarnemo et al. 2002).  
Second, there can be variation among individuals within a population (i.e. 
personality). Personality refers to consistent individual differences that are maintained 
across time and/or environmental contexts (Reale et al. 2007). Thus, plasticity and 
personality can refer to variation at different levels: within- and among-individuals 
(Westneat et al. 2011). Several explanations have been proposed to explain how selection 
can act to maintain among-individual variation (reviewed in Wolf & Weissing 2010). For 
example, variation in past experiences can affect the optimal behavioural strategy in the 
current environment, which results in between-individual differences in behavior (i.e. 
consistent individual differences can be a product of adaptive developmental plasticity; 
Stamps & Groothuis 2010). Personality is a hot topic (Beekman & Jordan 2017; Dall et 
al. 2004; Dingemanse & Wolf 2010; Sih et al. 2015; Wolf & Weissing 2012), but 
personality in parental care has rarely been explored. Several studies have, however, 
demonstrated repeatable among-individual differences in parental care across social and 
environmental contexts (e.g. Nakagawa et al. 2007; Schwagmeyer & Mock 2003; 
Sprenger et al. 2012; Vallon et al. 2016).  
A third possibility is that within- and among-individual variation exist 
simultaneously, such that individuals show repeatability in their behaviour through time 
but are flexible in their behaviour across contexts. We can integrate the study of plasticity 
and personality in parental care using the reaction norm approach (Dingemanse & 




approach in discrete environments (Via et al. 1995). Reaction norms are functions that 
describe how the phenotype of different genotypes changes across an environmental 
gradient, with each individual’s phenotypic response fitted with an intercept and slope 
(Dingemanse & Wolf 2013). Reaction norms can characterize the population mean 
response and the response of each individual through time and across environmental 
contexts. The study of plasticity and personality can thus be unified by quantifying 
variation in the slope and intercept of the population mean and individual reaction norms 
(Nussey et al. 2007).  
The reaction norm approach has rarely been used to study plasticity and personality 
in the context of parental care (Betini & Norris 2012; Westneat et al. 2011), despite its 
utility in understanding how plasticity and personality explain patterns of variation in 
other contexts (Dingemanse et al. 2010). Here we apply the reaction norm framework to 
study variation in parental care in the clown anemonefish Amphiprion percula, within 
and among individuals. Amphiprion percula live in social groups with a larger, dominant 
female, a smaller, subordinate male, and up to four nonbreeding individuals (Buston & 
Wong 2014). Amphiprion are protandrous hermaphrodites (Fricke & Fricke 1977; Moyer 
& Nakazono 1978): if the female of the group dies, then the male changes sex and 
assumes the position vacated by the female (Buston 2004; Fricke 1979; Mitchell 2005). 
The breeding pair will lay a clutch of eggs up to three times per lunar month (Buston 
2004; Buston & Elith 2011). Parents care in the form of tending, mouthing the eggs to 
remove debris and dead eggs, and fanning the eggs with their fins to oxygenate the 




vary in response to day of development and sexual tactic of the individual (Green & 
McCormick 2005). It is unknown whether there is among-individual variation in these 
behaviours also, but A. percula and its congener Amphiprion ocellaris exhibit consistent 
individual differences in activity, boldness and sociability (Medina & Buston n.d.; 
Schmiege et al. 2017; Wong et al. 2013). Our approach to studying within- and among-
individual variation in A. percula will reveal whether and how parents vary in their 
responses to the environment. 
Our objective was to characterize within- and among-individual variation in how A. 
percula parents respond to different resource environments. To accomplish this objective, 
we manipulated food resources available to pairs of A. percula and tested three 
hypotheses regarding variation in parental traits. First, we tested the hypothesis that there 
is plasticity in parental care (i.e. the average level of parental care varies across resource 
environments). If parents respond to resource availability, then we expected a main effect 
of environment on parental care. Second, we tested the hypothesis that there is 
personality in parental care (i.e. the individual level of parental care is repeatable over 
time). If parents exhibit consistently different behaviour through time, then we expected 
repeatable among-individual differences in intercept. Third, we tested the hypothesis that 
individuals vary in their response to the environment, and that the level of care and their 
responsiveness are related. If parents vary in their responsiveness, then we expected 
variation in the slope of individual reaction norms, and if the magnitude of an 
individual’s response depends on its level of care, then we expected covariance between 




characterization of within- and among-individual variation in parental care and provide 
insight into the proximate and ultimate causes of individual variation. 
2.3 Methods 
2.3.1 Laboratory Population 
 We conducted this study at Boston University (Boston, MA, U.S.A.) from 27 
June 2014 through 22 June 2015. All experimental fish originated from natural 
populations of A. percula in Papua New Guinea and were supplied by Quality Marine. 
When they arrived in the laboratory, all individuals were under 30 mm standard length 
(SL), ensuring that they were collected as nonbreeders in the wild. Removal of 
nonbreeders is considered to be a sustainable practice, because they are rapidly replaced 
and have no impact on population growth (e.g. Buston 2004; Planes et al. 2009; Schlatter 
et al. n.d.). Upon arrival in our laboratory, we randomly paired each fish with one other 
fish and allowed them to establish dominance on their own (Wong et al. 2016). At the 
start of this investigation, the individual fish had been in captivity for 3–4 years. 
 We maintained the laboratory population of 60 pairs (120 individuals) of A. 
percula in a large, recirculating aquarium system at Boston University in accordance with 
Institutional Animal Care and Use protocol (IACUC number 14-006). Fish were housed 
in pairs in 120-litre tanks with the set of 60 tanks divided into four independent racks 
with 15 tanks per rack. Each of the four racks had its own pump that supplied a 
continuous flow of salt water recirculating at a rate of approximately 16 600 litres/h. We 
used a Profilux computer controller to continually monitor the pH, temperature and 




dissolved phosphate and ammonia (Salifert test kits, Amsterdam, The Netherlands; Red 
Sea test kits, www.redseafish.com). We maintained abiotic conditions as constant as 
possible, at levels similar to those found on coral reefs in Papua New Guinea: pH = 8.30 
± 0.34, temperature = 27.3 ± 0.19 °C, salinity = 32.5 ± 1.58 ppt. Each tank was lit with 
two T5 24 W bulbs whose spectra colour mimics the natural reef environment. Each tank 
contained 12 mm of sand on the bottom, a 15 × 15 cm ceramic tile, an anemone 
(Entacmaea quadricolor) and a small (approximately 10 × 10 cm) rock to provide habitat 
and substrate for egg laying. Prior to manipulation, we fed the fish approximately 24 
commercial fish pellets (New Life Spectrum, New Life International, Inc., Homestead, 
FL, U.S.A.) per pair per day. 
2.3.2 Feeding Manipulation 
 To determine how parental care varies across different environments, we 
conducted a feeding manipulation. Because pairs breed on a lunar schedule in the wild 
(Buston & Elith 2011; Seymour et al. 2017), the feeding manipulation ran for 12 lunar 
months from 27 June 2014 through 22 June 2015. Pairs were fed a high ration of food (24 
fish pellets per pair per day) for 6 lunar months and a low ration of food (12 fish pellets 
per pair per day) for another 6 lunar months. Ten pairs received the high ration treatment 
for the first 6 months and the low ration for the following 6 months. The other 10 pairs 
received the low ration first, followed by the high ration. This allowed us to control for 





Of the 60 total pairs, 25 (42%) had laid a clutch of eggs at least once by the start 
of the manipulation. Of these 25, we chose 20 pairs that had bred together more than 10 
times for the experimental manipulation. This allowed us to minimize the potential 
effects of early breeding experience, which positively influences reproductive output in 
the field (Buston & Elith 2011) and in the laboratory (Barbasch & Buston 2013). During 
the 12-month experiment, the 20 pairs laid between zero and three clutches per month, 
with an average of 1.4 clutches per pair per month. We observed a total of 155 clutches 
across the 20 pairs, 51 clutches in the low-ration treatment and 104 clutches in the high-
ration treatment and measured parental care for all 155 clutches.  
2.3.4 Parental Care 
 To investigate individual variation in parental behaviours, we quantified three 
metrics of care following Green and McCormick (2005): time tending, mouthing and 
fanning. Time tending is the amount of time a parent is within one body length of any 
part of the clutch; mouthing occurs when a parent places their mouth around one or 
several eggs; and fanning occurs when a parent waves its pectoral fins in the direction of 
the clutch.  
For every clutch that was laid, we took 20 min videos of parental behaviour using 
high-resolution video cameras (GoPro Hero 4, GoPro Inc., San Mateo, CA, U.S.A.). The 
first 5 min of video served as an acclimation period and was discarded from our analysis, 
resulting in 15 min videos for data collection. Videos were taken at 1400 hours on days 1, 




of parental care in the morning and afternoon (Barbasch & Buston 2013). Cameras were 
set up on a tripod outside the tank and facing the clutch. Videos were scored using 
JWatcher version 0.9 (http://www.jwatcher.ucla.edu). Based on our observations of 
behaviour, mouthing and fanning were discrete events lasting less than 3 s, therefore we 
compiled data as the amount of time out of the 15 min that the focal individual was 
tending, and the number of mouthing and fanning events per 15 min video. Parental 
behaviours were recorded separately for the male and female of each pair. 
2.3.5 Statistical Analysis 
 Statistical analyses were performed in R version 3.1.0 (R Foundation for 
Statistical Computing, Vienna, Austria). We analysed individual variation in parental 
care reaction norms using a mixed effects modelling approach (Dingemanse & 
Dochtermann 2013; Dingemanse et al. 2010). Considering the dependent variables, 
parental behaviours (time tending, mouthing, fanning) were fitted in linear models using 
the ‘lme4’ package and degrees of freedom and P values were calculated using a 
Satterthwaite approximation using the ‘lmerTest’ package. For the continuous response 
variable time tending, we fitted a linear model with a Gaussian error distribution, and for 
the count response variables mouthing and fanning, we fitted linear models with Poisson 
error distributions and controlled for overdispersion by fitting an observation level 
random effect (Harrison 2014). 
Turning to consider the independent variables (fixed effects), feeding status (high 
or low ration) was mean-centred, such that the variation in intercept was expressed 




of primary interest. Treatment order was included to control for some pairs receiving the 
high ration first and some receiving the low ration first. Clutch age (a categorical variable 
with three levels: days 1, 4 and 7 after egg laying) and sex (male or female) were 
included because parental care increases throughout egg development and differs 
between the sexes in A. melanopus (Green & McCormick 2005). All two-way 
interactions between feeding status, clutch age and sex were included because we 
suspected that the effect of one factor might vary with another. We used a Tukey test for 
all post hoc comparisons. 
Turning to consider random effects, we fitted individual identity (ID) as a random 
intercept and the interaction between individual ID and feeding status as a random slope. 
We included sex as a grouping variable for individual ID to determine the among-
individual variances for males and females. To control for repeated measures within each 
clutch, we fitted clutch ID, a unique identifier for each clutch observed, as an additional 
random intercept. Thus, we examined among- and within-individual variation through 
time and across feeding treatments by examining the extent to which individuals varied in 
the intercept and slope of their reaction norms.  
To examine variation in parental care at the individual level, we used likelihood 
ratio tests (LRTs: -2 times the difference in log likelihood distributed as a chi-square 
statistic) to determine whether individual ID, sex as a grouping factor within individual 
ID,  the interaction between individual ID and feeding status, and covariance between 
individual ID and feeding status would significantly improve model fit. This would 




model variance. To further quantify variation among individuals, we estimated 
unadjusted repeatability as the proportion of the total variance accounted for by 
differences among individuals using the ‘rptR’ package in R (Nakagawa & Schielzeth 
2010). For the continuous variable tending, we estimated repeatability from our final 
model fitted with a Gaussian error distribution; for the count variables mouthing and 
fanning, we estimated repeatability from models fitted with Poisson error distributions 
using an additive overdispersion correction. The mixed effects modelling approach thus 
allowed us to comprehensively characterize the effect of environmental resources on 
individual variation in parental care. 
2.4 Results 
2.4.1 Plasticity in Parental Care According to Sex 
 Parental care differed depending on the sex of the parent. Males and females 
differed in both the type and average level of care provided to their eggs. Males cared in 
the form of tending, mouthing and fanning, while females performed tending and 
mouthing but were not observed fanning. There was a significant main effect of sex on 
both tending and mouthing (Table 1, Fig. 1a, b). Males tended for an average (± SD) of 
10.1 ± 3.3 min, mouthed an average of 35.0 ± 16.4 times and fanned their eggs an 
average of 39.4 ± 24.6 times per 15 min observation period. Females tended an average 
of 2.7 ± 2.8 min and mouthed an average of 3.9 ± 4.8 times. Thus, males performed an 
order of magnitude more parental care than females.  




Model Fixed effects Estimatea SE df b 
Test  
statistic P 
Tending Feeding status 1.06 0.63 55 14.20 0.026 
Clutch age (4–1) 0.31 0.23 723 1.34 0.18 
Clutch age (7–1) 3.19 0.23 723 13.71 <0.0001 
Sex (F–M) -6.37 0.67 32 -9.45 <0.0001 
Feeding status*clutch age (4–1) -0.08 0.34 729 -0.24 0.81 
Feeding status*clutch age (7–1) -0.31 0.34 729 -0.91 0.36 
Feeding status*sex (F–M) 0.70 0.55 29 1.27 0.21 
Clutch age (4–1)*sex (F–M) -0.32 0.32 717 -1.00 0.31 
Clutch age (7–1)*sex (F–M) -2.80 0.32 717 -8.79 <0.0001 
Treatment order -0.49 0.57 31 -0.87 0.39 
       
Mouthing Feeding status 0.04 0.11 55 0.39 0.69 
Clutch age (4–1) 0.02 0.02 723 0.96 0.33 
Clutch age (7–1) 0.17 0.02 723 8.37 <0.0001 
Sex (F–M) -2.15 0.14 32 -15.02 <0.0001 
Feeding status*clutch age (4–1) 0.05 0.04 729 1.15 0.25 
Feeding status*clutch age (7–1) -0.22 0.04 729 -5.62 <0.0001 
Feeding status*sex (F–M) 0.57 0.16 29 3.52 0.0004 
Clutch age (4–1)*sex (F–M) -0.52 0.06 717 -8.30 <0.0001 
Clutch age (7–1)*sex (F–M) -0.40 0.06 717 -6.84 0.0001 
Treatment order 0.03 0.11 31 0.24 0.81 




Feeding status 0.37 0.37 65 1.01 0.31 
Clutch age (4–1) 1.90 0.19 303 9.89 <0.0001 
Clutch age (7–1) 4.64 0.18 302 25.27 <0.0001 
Feeding status*clutch age (4–1) 1.02 0.38 303 2.65 0.008 
Feeding status*clutch age (7–1) 0.94 0.36 302 0.26 0.80 
Treatment order -0.85 0.37 19 -2.26 0.02 
Results are shown for three models with dependent variables tending, mouthing and fanning. 
Models include the independent variables feeding status (high ration: H; low ration: L), clutch 
age (days 1, 4, 7), sex (female: F; male: M), the interaction between feeding status and clutch age, 
the interaction between feeding status and sex, and the interaction between sex and clutch age. 
(Sex and its interactions are not included for fanning, because only males fanned). Individual 
identity (ID), the interaction between individual ID and feeding status and clutch ID were fitted as 
random effects. Shown are the fixed effects, coefficient estimates, test statistic values and P 
values. 
a Estimates for models of mouthing and fanning are shown on the log link scale. 





2.4.2 Plasticity in Parental Care in Response to Clutch Age 
 Parental care also differed as the clutch developed. There was a significant main 
effect of clutch age on all three metrics of parental care. Parents spent more time tending 
to, mouthing and fanning the eggs as the clutch developed from day 1 to day 7 (Table 1, 
Fig. 1a, b). Thus, for all three metrics of care, there was an increase in average level of 
care at later stages of development. 
2.4.3 Plasticity in Parental Care in Response to Resource Environment 
 There was a significant main effect of feeding treatment on tending, and a 
significant interaction effect between feeding treatment and sex (Table 1, Fig. 1a). The 
main effect indicates that individuals spent on average 0.97 more minutes tending when 
they were fed the high ration compared to the low ration. Post hoc comparisons revealed 
that males did not exhibit plasticity in response to feeding treatment (Tukey: estimate = 
1.06, z = 2.24, P = 0.10) but females spent on average 1.78 more minutes tending, or 87% 
more time tending, when fed a high compared to a low ration (Tukey: estimate = 1.78, z  
= 3.81, P = 0.001). 
There was no significant main effect of feeding treatment on mouthing, but there 
was a significant interaction between feeding treatment and sex (Table 1, Fig. 1b). The 
interaction effect indicates that the effect of feeding treatment varied by sex. Specifically, 
post hoc comparisons revealed that males did not exhibit plasticity in mouthing across 
feeding treatment (Tukey: log scale estimate = 0.03, z = -0.25, P = 0.99), but females 
mouthed on average 1.81 more times, or 53% more, when fed a high compared to the low 





Figure 2.1. Average parental care reaction norms across feeding treatments (low ration: L; high 
ration: H) and clutch development (days 1, 4 and 7 of egg development). Shown are means and 
standard errors from models of (a) tending, (b) mouthing and (c) fanning. Solid lines represent 
reaction norms for males, dashed lines represent reaction norms for females, and shaded areas 
represent standard errors around each slope estimate. Reaction norms and standard errors were 
generated using least square means and standard errors from post hoc comparisons of the 




There was no significant main effect of feeding treatment on fanning for males, 
but there was a significant interaction between feeding treatment and clutch age (Table 1, 
Fig. 1c; females did not fan). The interaction effect revealed that the effect of feeding 
treatment varied by clutch age for males. Specifically, post hoc comparisons revealed that 
males did not exhibit plasticity in response to higher food ration on day 1 (Tukey: log 
scale estimate = 0.16, z = 0.36, P = 0.99) or day 7 (Tukey: log scale estimate = 0.55, z  = 
2.05, P  = 0.30) of development, but fanned on average four more times, or 330% more, 
in response to higher food ration on day 4 of development (Tukey: log scale estimate = 
1.40, z =-4.29, P  <0.001). We found a similar pattern when comparing day 7 versus day 
1 and day 4 versus day 1 (Fig. 1c), but due to the large amount of variation in fanning on 
day 7, the effect was not significant (Table 1). 
2.4.4 Personality in Parental Care 
 We measured the among-individual variation in parental care by fitting individual 
ID as a random intercept and including sex as a grouping variable for the behaviours 
exhibited by both sexes (tending and mouthing) (Fig. 2). Including individual ID as a 
random intercept in our models resulted in a significantly better fit for all parental care 
metrics (Table 2.2), indicating significant repeatability in all three metrics of care. 
Because we mean-centred our environmental variable (feeding status), the significant 
variation in intercept was expressed midway between high and low ration and indicated 
repeatable variation in parental behaviour through time. Repeatabilities were calculated 
as the proportion of total variation accounted for by between-individual differences, thus 




is due to among-individual variation as opposed to within-individual variation. 
Repeatability was 0.73 for tending, 0.84 for mouthing and 0.08 for fanning.  Including 
among-individual variance by sex significantly improved model fit for mouthing (LRT: 
χ2 = 9.04, P  = 0.03) but not tending (LRT: χ2 = 4.23, P = 0.24). Among-individual 
variance in mouthing was 0.05 for males and 0.29 for females. 
 
Figure 2.2. Individual parental care reaction norms across feeding treatment for males and 
females. Shown are individual reaction norms from models for a) tending, b) mouthing, and c) 
fanning. Thin lines represent individual reaction norms fitted for each individual within a sex, 
with an intercept fit from multiple measures through time and a slope fit to measures across 
feeding environments for each individual. Thick lines represent the average population reaction 
norms across all individuals of that sex. Reaction norms were generated with predicted values 




Table 2.2. Results for likelihood ratio tests of the random intercept, slope and intercept-slope 
covariance for each parental care model. 
Model Random 
effect 







Tending Intercept 292.1 1 3.55  0.29 <0.0001 
Slope 29.57 2 2.19 3.82 <0.0001 
 Covariance 1.95 1    0.16 
        
Mouthing Intercept 151.7 1 0.17 
NA1 
 <0.0001 
Slope 17.46 2 0.16 -0.27 0.0002 
 Covariance 0.87 1    0.35 
        
Fanning Intercept 51.2 1 0.88 
NA1 
 <0.0001 
 Slope 1.87 2 0.35 0.16 0.39 
        
 Covariance 0.13 1    0.72 
Tests determine whether including individual identity (ID) as a random intercept, the interaction 
between individual ID and feeding status, and the covariance between the slope and intercept 
significantly improved the fit of the models of tending, mouthing and fanning. Shown are the chi-
square statistic, degrees of freedom, variance estimate of the random intercept and slope, residual 
variance, intercepteslope covariance and P value. 
1Residual variances not applicable; calculated only for Gaussian error distributions 
2.4.5 Plasticity and Personality in Parental Care 
 Figure 2.2 summarizes the interplay between plasticity and personality, showing 
the population mean response to resource availability along with individual reaction 
norms. Significant variation in slope of the reaction norms describes among-individual 
variation across feeding treatments. Fitting feeding treatment as a random slope 
significantly improved model fit for tending and mouthing but not for fanning, indicating 
among-individual variation in the plastic response across feeding treatment for tending 




these models, however, did not significantly improve model fit for any of the parental 
care metrics (LRTs: P > 0.05). This indicates that while variation in the slope and 
intercept in parental care coexist, their covariance did not significantly contribute to 
between-individual differences in behaviour. 
2.5 Discussion 
Parental care is highly variable within and among individuals, yet few studies 
have explored the role of individual variation in shaping patterns of care (Betini & Norris 
2012; Royle et al. 2014; Westneat et al. 2011). Here we applied a reaction norm approach 
to determine how parents vary in their responses to resource availability in A. percula and 
discuss the potential proximate and ultimate causes of this variation. We found 
significant variation among the sexes, within individuals through time and among 
individuals across contexts in response to the environment. Parents demonstrated 
variation within individuals (plasticity) in multiple aspects of parental care, and this 
differed depending on the sex of the individual: parents generally increased tending, 
fanning and mouthing with increased resource availability, but this response was 
significantly affected by clutch age and sex. Parents also demonstrated among-individual 
variance that was maintained through time (personality) in all behaviours: the behaviour 
of individuals was sufficiently repeatable to generate significant between-individual 
differences in the amount of care provided. Repeatability was high for tending (0.73) and 
mouthing (0.83) but low for fanning (0.08). For mouthing, males and females differed not 
only in the amount of care provided, but also in among-individual variance in care, with 




were variable in the slope and elevation of their parental care reaction norms (plasticity 
and personality) for tending and mouthing but only variable in elevation for fanning, 
revealing that there was interindividual variation in plastic responses to resource 
availability. Each of these results has implications for the mechanisms driving within- 
and among-individual variation in parental care. 
2.5.1 Plasticity in Parental Care 
 Parental care is given at the expense of other activities, such as foraging or 
investment in future reproduction. This trade-off can influence the costs and benefits of 
providing care and thus favour plasticity, such that individuals adaptively modify their 
behaviour in response to changing environmental conditions (Royle et al. 2014; West-
Eberhard 2003). Here we found that, for most metrics of care that we measured, A. 
percula increased parental behaviours with an increase in food resources. Females 
increased their time tending and mouthing when fed a high-ration compared to a low-
ration of food. Males increased fanning with increased food resources, but not at all 
stages of egg development. Parental care tended to increase with an increase in resources 
(i.e. the plasticity was positive), building on the result that pairs of A. percula in high-
resource environments seem to have higher reproductive success than pairs in low-
resource environments in the field (Buston & Elith 2011).  
In addition to showing a plastic response to resource availability, individuals also 
showed a plastic response to the age of the clutch and their sex. Average levels of 
tending, mouthing and fanning were greater at later stages of clutch development (Fig. 2; 




clutch neared hatching may be a result of parents responding to the increased metabolic 
needs of the offspring later in development (Green 2004; Green & McCormick 2005). 
Average levels of tending, mouthing and fanning were higher for males than for females 
(Fig. 1; consistent with Green & McCormick 2005). Because Amphiprion spp. change 
sex from male to female (Fricke & Fricke 1977; Moyer & Nakazono 1978), this is 
indicative of plasticity as a function of sex. Interestingly, in addition to sex differences in 
mean behaviour, there was also a difference in among-individual variance of male and 
female behaviour. Females displayed significantly greater among-individual variance in 
mouthing behaviour than males. These changes in parental behaviours with sex may be a 
result of the sexes being under different selection and/or a parental division of labour.  
2.5.2 Personality in Parental Care 
While plasticity in parental care provides the opportunity for individuals to 
adaptively adjust their behaviour to a changing environment, it is less intuitive why 
consistent individual differences would be maintained through time and context (Bell 
2007). Explanations for the adaptive value of among-individual variation generally rely 
on the existence of stable differences in state. Differences in parental state (such as age, 
health or size) could influence the costs and benefits of parenting behaviours, which in 
turn could favour different parenting strategies among different individuals (Bell 2007; 
Dingemanse & Wolf 2010; Stamps 2007). In A. percula, there is evidence that the early 
environment acts as a ‘silver spoon’ such that individuals that are lucky enough to be 




Salles et al. 2016), which could provide a mechanism that generates state differences in 
this species.  
Alternatively, in sex-changing species, repeatable differences in behaviour among 
individuals could be generated by intralocus sexual conflict if the optimal level of 
behaviour differs for males and females (Sprenger et al. 2012). Amphiprion percula 
change sex from male to female, and the sexes differ in both their average parental care 
and among-individual variance in care. Assuming parental behaviour has a genetic 
component, individuals may be unable to exhibit the optimal behaviour in both sexes, 
resulting in individuals adopting suboptimal but equally fit behavioural strategies. The 
extent to which genetics and developmental plasticity contribute to this variation in 
parental care remains an unanswered question.  
In addition to the role of genetics and development, the social environment may 
contribute to personality variation under certain conditions. For example, a model 
developed by McNamara et al. (2009) revealed how feedback between a trait and the 
monitoring of that trait by a social partner can maintain variation among individuals. If 
some individuals are more cooperative than others, that should favour the monitoring of a 
social partner’s behaviour. If monitoring is costly, however, this can select for variation 
in whether or not individuals monitor their partners, which in turn can select for variation 
in their partner’s level of cooperation (McNamara et al. 2009). In the context of parental 
care, parents care together for each clutch and therefore individuals may be able to 
monitor the care of their partner with a cost in terms of time and energy spent monitoring, 




adaptive explanations for personality have been proposed (Dingemanse & Wolf 2010), 
specific tests of the assumptions and predictions of these models are needed to 
understand how and why consistent individual differences exist in parental care. 
2.5.3 Plasticity and Personality in Parental Care 
 We have demonstrated that there can be both average population-level plasticity 
and repeatable individual differences in parental behaviour through time. Within the 
reaction norm framework, this effect is shown as a nonzero slope in the average reaction 
norm and differences in the elevation of individual reaction norms. These measures of 
plasticity and personality, however, do not account for the total variation because reaction 
norm slope and elevation can vary simultaneously. We captured this by characterizing the 
individual variation in slope across feeding treatments and covariance between slope and 
intercept. In biological terms, significant individual variation in slope suggests that there 
is among-individual variation in the behavioural response to feeding treatment and a 
significant covariance between slope and elevation suggests that the amount of plasticity 
in a trait depends on the trait value.  
Parents demonstrated significant between-individual differences in the slopes of 
the reaction norms for time tending. This suggests that not all individuals respond to 
changes in the environment in the same way. Similarly, individuals showed consistent 
between-individual differences in the slopes for mouthing. Considering proximate causes, 
individual variation in slope can result if past environmental conditions or genetic 
differences influence how parents respond to changes in resource availability. Indeed, an 




plasticity are negatively frequency dependent, responsive and unresponsive individuals 
can be maintained in a population. Here we have shown that even in circumstances with 
no average population plasticity, there can still be substantial variation at the individual 
level. Studying this unexplored level of variation as well as the heritability of parental 
traits is critical to understanding the evolution and maintenance of observed patterns of 
parental care (Nussey et al. 2007; Royle et al. 2014). 
We have shown that the slope and intercept of parental care reaction norms can 
vary simultaneously, but we found no evidence that slope and intercept covary. Thus, the 
amount of among-individual variation, measured as repeatability, did not change 
depending on whether individuals were fed a high or a low ration. A similar pattern of 
high variation in the slope and intercept, but low covariance between them, has been 
demonstrated in several other species (reviewed in Nussey et al. 2007). Correlations 
between the level of a trait and plasticity can potentially impose a constraint on the 
evolution of the trait if there is an underlying genetic correlation (Dingemanse & Wolf 
2013). In A. percula, there is substantial among- and within- individual variation in 
parental care, but we did not detect any relationship between the amount of parental care 
exhibited by an individual and its responsiveness to the environment; thus, selection may 
be acting separately on these two phenotypic components.  
2.5.4 Conclusions 
 In this study we applied a reaction norm framework to describe how individual 
parents vary in their response to environmental resource availability in A. percula. 




substantial variation not accounted for when considering only the population mean and 
variance values. This variation in turn will have consequences for how we think about 
adaptive plasticity and its role in the evolution of parental care. Here we present a 
framework for systematically studying how individual parents respond to their 
environment. By characterizing variation in parental care at the individual level, this 
framework will lay the foundation for studies of the mechanisms giving rise to and 
maintaining this variation in clownfish as well as other systems. Furthermore, studying 
the heritability of such variation will provide insight into the evolution of plasticity and 
personality.  Future applications of this framework thus have the potential to expose 
unexplored phenotypic variation and provide a foundation for studying how selection 
shapes and maintains patterns of parental care within and across species. 
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Substantial Plasticity of Reproduction and Parental Care in Response to Local 
Resource Availability in a Wild Clownfish Population 
3.1 Abstract 
 Plasticity, the capacity of individuals to respond to changing environments by 
modifying traits, may be critically important for population persistence by allowing for 
adaptive responses on shorter timescales than genetic change. Here, we use the clown 
anemonefish (Amphiprion percula), whose access to resources is constrained by their 
anemones, to test the role of plasticity in generating variation in reproductive success 
among groups. We surveyed a wild clownfish population and found positive correlations 
between anemone area, fish size, reproduction, and parental care. We used structural 
equation modeling to test the hypothesis that these correlations emanate from variation in 
anemone area and found support for a pathway linking anemone area to female 
investment, female investment to male investment and male investment to embryo 
survival. Next, we experimentally tested whether plasticity in response to resource 
availability can result in variation in parental traits using a feeding manipulation and 
found substantial plasticity in reproduction and parental care in response to changes in 
the availability of food resources. The results of this study reveal the role of plasticity in 
response to local resource availability in generating variation among individuals in 
reproductive strategies, linking studies of behavior and demography in this model 
species, and ultimately contributing to our ability to predict how populations might cope 





 Understanding how the environment influences reproductive success is critical to 
determining whether populations can persist in the face of environmental changes. One 
way that populations can respond to environmental variation is through local phenotypic 
adaptation, where the genotypes that perform best in the local environment are favored by 
selection (Hereford 2009; Villellas & García 2017). However, traits that influence 
reproductive success are predicted to have low additive genetic variances due to their 
association with fitness, and thus low capacity to evolve in response to selection (Fisher 
1930; Lande 1982; Charmantier & Garant 2005). Another way that populations can 
respond to environmental variation is through phenotypic plasticity, the capacity of 
individuals to respond to changing environments by modifying physiological, 
morphological, or behavioral traits. Plasticity may be particularly important to population 
persistence because plasticity is an organism’s predicted primary response to 
environmental changes, allowing for biological innovation on shorter timescales than 
genetic change (West-Eberhard 2003). Furthermore, plasticity plays a key role in the 
evolutionary process by influencing which phenotypic traits are exposed to selection and 
promoting population persistence in variable environments (Pigliucci & Murren 2003; 
Ghalambor et al. 2007; Wund 2012). However, plasticity might not always be adaptive, 
for example in novel environments where the phenotypic response has not previously 
been exposed to selection (West-Eberhard 2003; Ghalambor et al. 2007; Gibert et al. 




associated traits is key to our ability to make predictions about whether and how 
populations will respond to variable environments. 
Plasticity is predicted to be favored by selection when environments are spatially 
or temporally variable if it allows organisms to optimize their phenotypic expression of 
traits across environments (Dewitt et al. 1998; West-Eberhard 2003; Acasuso-Rivero 
2019). For example, when resources are temporally variable, an individual might benefit 
from plasticity by investing less in reproduction when resources are scarce compared to 
when resources are abundant (Trivers 1972; Stearns 1989; Reznick et al. 2000). 
Analogously, when resources are spatially variable, an individual might benefit from 
plasticity by investing less in reproduction when residing in a poor patch compared to a 
good patch. Indeed, differences among individuals or groups in the availability of local 
resources can result in positive correlations within individuals in fitness-associated traits 
such as size, growth, and reproductive output (van Noordwijk & de Jong 1986; Stearns 
1989; Reznick et al. 2000; West-Eberhard 2003). Furthermore, in species with biparental 
care, the social environment created by interactions between parents may play a role in 
generating variation in fitness-associated traits because a parent’s optimal reproductive 
strategy depends not only on its own condition and access to resources, but on the 
condition and reproductive strategy of its partner (Head et al. 2012; Royle et al. 2014). 
The outcome of these interactions will determine how many offspring are produced as 
well as the amount of care those offspring receive, and therefore may have important 




The clown anemonefish, Amphiprion percula, provides a model system in which 
to investigate questions about the consequences of plasticity in reproductive strategies, 
due to their close association with sea anemones, which provide access to resources, 
oviposition sites, and protection from predators (Allen 1972; Fautin 1992; Feeney et al. 
2019). Within each anemone, A. percula form social groups with a single, monogamous 
breeding pair (Buston 2004a,b). The breeding pair lay a clutch of approximately 324 ± 
153 (mean ± SD) eggs, 0-3 times per lunar month (Buston & Elith 2011; Seymour et al. 
2018), thus providing an extended context in which to study how parents respond to their 
environment. When a clutch is laid, both parents spend time tending to their eggs by 
cleaning, oxygenating, and defending the nest for 7 days until hatching (Buston & Elith 
2011; Barbasch & Buston 2018). Observations have revealed robust positive associations 
between anemone size, female size, and group size, suggesting that anemone size is an 
indicator of habitat quality (Fautin 1992; Elliott & Mariscal 2001; Buston & Elith 2011; 
Chausson et al. 2018). The positive associations between anemone size and female size 
are likely driven in part by the greater foraging area that larger anemones provide (Fautin 
1992; Buston & Elith 2011; Verde et al. 2015), as the fish rarely venture more than a few 
centimeters beyond the perimeter of the anemone tentacles (Elliot and Mariscal 2001; 
Buston 2003b). Differences among anemones in size and thus the access to food and 
other resources they provide may therefore play a crucial role in generating variation in 
reproductive success among groups through its effects on  female and male investment in 
growth, reproduction and parental care. However, no studies have experimentally tested 




variation can result in among-group variation in reproductive success (Buston & Elith 
2011; Salles et al. 2019). 
This study tested how differences in long-term access to anemone resources and 
short-term changes in food availability influence fitness-associated traits and, ultimately, 
generate variation among groups in reproductive success. First, we monitored a wild 
population of anemonefish to test the hypothesis that size, parental investment, and 
embryo survival will be positively correlated within groups due to differences in 
anemone area and thus differences in access to resources. Second, we tested whether 
there is support for a causal pathway linking anemone area to female and male size, fish 
size to reproduction, reproduction to parental care, and ultimately, parental care to 
embryo survival. Third, we used a feeding manipulation to experimentally test the 
hypothesis that parents respond to short-term increases in food resource availability by 
increasing reproductive output and parental care, which will  improve the survival 
probability of their embryos. Taken together, these components reveal the role of 
variation among groups in habitat quality and the availability of local resources in 
generating variation among individuals in reproductive strategies, linking studies of 
behavior and demography in this model species, and ultimately contributing to our ability 
to predict how populations might cope with environmental changes. 
3.3 Methods 
3.3.1 Study Population 
Fieldwork was conducted on ten discrete platform reefs near Mahonia Na Dari 




150.5°E) using SCUBA. These nearshore reefs were located approximately 0.2-1.4km 
from the shoreline and support a population of over 100 groups of A. percula living 
within magnificent sea anemones, Heteractis magnifica (Chausson et al. 2018; Rueger et 
al. 2018). In the two weeks prior to the start of the experiment, 117 groups were located 
and marked with numbered tags for identification. From May 26 to June 23, 2017, each 
of these 117 groups was visited once every two days and the reproduction and parental 
behaviors of the breeding pairs were monitored.  
Groups consisted of up to 5 resident fish (female, male, and 0 to 3 subordinates) 
with an average of 2.9 (+/- 0.1 SE) fish across all groups. Group size has been shown to 
be unrelated to reproductive success of the breeding pair, using long-term field 
observations in conjunction with experimental removal of non-breeders, analyzed using 
both mixed model analyses and boosted regression trees (Buston 2004, Buston & Elith 
2011). For this reason, group size was not included in our analyses.  
Of the 117 total groups, 52 (44%) were observed with eggs at least once in the 
lunar month before the manipulation began and these were considered breeding groups. 
The 52 breeding groups were distributed across 10 reefs, 5 of which were surveyed each 
day, such that all 52 groups were surveyed every other day throughout the study. The 
experimental manipulation was conducted on these 52 breeding groups for two lunar 
months from June 24 to August 21, 2017. Lunar months were used rather than calendar 
months because pairs breed on lunar, semi-lunar, or trient-lunar schedules (Buston & 




This study began after a severe mass bleaching event that was observed from 
March - May in 2017 and n = 10 of our experimental anemones exhibited partial 
bleaching (<75% bleached). Anemone bleaching is known to influence anemonefish 
metabolism and reproduction (Beldade et al. 2017; Norin et al. 2018). We thus 
considered whether or not the anemone exhibited some bleaching when stratifying our 
treatments (see Experimental Manipulation of Resource Availability).  
3.3.2 Anemone Area 
Anemone area was used as a proxy of habitat quality. To measure anemone area, 
the length and width of the tentacle crown of each anemone was measured three times per 
month to the nearest cm using tailor’s tape, such that the limits of the length and width 
measurements were the tips of the tentacles. The median of the three measurements was 
taken to account for the expansion behavior of anemone tentacles, and the area of each 
anemone was estimated using the equation for the area of an ellipse (Hattori 1995; 
Mitchell 2003): Area = π∗ab, where a = ½ the length and b = ½ the width. These monthly 
median area estimates were then averaged for each anemone to provide a single anemone 
area measurement.   
3.3.3 Body Size 
To determine if there are positive correlations between anemone area and parental 
body size, female standard length (FSL) and male standard length (MSL) were measured. 
The female and male from each group were captured using hand nets in the week before 




the experiment (week of August 21, 2017). Each fish was photographed to identify 
individuals by their color patterns and to confirm that they survived and did not move 
between anemones (Nelson et al. 1998; Elliott & Mariscal 2001: Buston 2003a). The 
standard length (SL) of each fish was measured to the nearest 0.1 mm using calipers, and 
the average of the two measurements (start and end) provided a single measurement of 
FSL and MSL. The change in SL between the start and end measurements was small, 
with an average increase of 3.2mm (+/- 1.9SD) for females and 2.5mm (+/- 2.4SD) for 
males. 
3.3.4 Reproductive Success 
To determine if there are positive correlations between anemone area, body size 
and reproductive output, reproduction was monitored for all 52 groups every other day. 
Reproduction was detectable by the behavior of the male and the presence of eggs at the 
base of the anemone. The exact age of the eggs was determined by their color: day 1 = 
orange, day 2 = orange-brown, day 3 = brown, day 4 = black eyes, day 5 = silver eyes, 
day 6 = silver eyes with pupils, day 7 = gold eyes with pupils (Buston 2004a). Eggs 
hatched after 7 days. Photos were taken of every clutch observed with an Olympus Tough 
TG-870 camera (Olympus, Tokyo, Japan) early (day 1 or 2) and late (day 6 or 7) in 
development. The number of eggs per photograph was counted using ImageJ (NIH, 
USA). Reproductive success was quantified by the number of eggs laid per clutch and 
embryo survival (the proportion of eggs laid that survived to day of hatching). The 




reproductive success, as the number of eggs produced has been shown to be related to the 
number of recruits produced in other anemonefishes  (Saenz-Agudelo et al. 2015).  
3.3.5 Parental Care 
To determine whether parental care was positively correlated with anemone area, 
other parental traits, and reproductive success, 29 minute videos were taken of parental 
behavior. Because parental behavior has been shown to increase as the clutch develops, 
but no significant increase in tending was observed from day 1 to day 4 (Barbasch & 
Buston 2018), videos were taken early (day 3 or 4) and late (day 6 or 7) in development 
by setting up a tripod with an underwater camera (Olympus Tough TG-870) centered on 
the location of the eggs. Videos were analyzed using JWatcher version 0.9 (Blumstein & 
Daniel 2007). The first 12 minutes of video served as an acclimation period, the 
following 15 minutes used for data collection, and the final 2 minutes were discarded 
from analysis to minimize any effect of approaching researchers at the end of the 
recordings. A laboratory study in A. percula demonstrated that individual parental 
behaviors are consistent between clutches and that 15 minutes was a sufficient period of 
time to observe variation within and among individuals in parenting behavior (Barbasch 
& Buston 2018). Parental care was recorded as tending, i.e. the amount of time an 
individual spent within one body-length of the clutch, as tending behavior shows 
plasticity in both parents (Barbasch & Buston 2018). Behavior was scored separately for 




3.3.6 Experimental Manipulation of Resource Availability 
To determine whether variation in the availability of local resources generates 
positive correlations between parental traits, feeding manipulations were conducted. One 
lunar month of baseline data was collected (May 26 – June 23, 2017) on 117 groups, 
followed by two lunar months of feeding manipulation (June 24 – August 21, 2017) on 
52 breeding groups. Of the 52 breeding groups, 25 were given supplemental food and 27 
served as controls. As reefs were located at different distances from shore, and a few 
anemones exhibited a small amount of  bleaching, groups were randomly stratified by 
location for reefs closer to shore (N = 32 anemones) versus further from shore (N = 20 
anemones) and for bleached (N = 10) versus unbleached (N = 42) anemones (Table 3.1). 
Average female size was similar in fed (average SL = 52.8mm +/- 0.87SE) and control 
groups (average SL = 52.3 +/- 1.12SE), and the number of clutches laid by pairs in the 
first lunar month was similar in fed (once: N = 14; twice: N = 11) and control (once: N = 
13, twice: N = 14) groups to control for differences among pairs in reproductive strategy 
(Seymour et al. 2018). 
Table 3.1. Outcome of the random stratification of anemone groups from each treatment (Fed or 
Control). Groups were stratified by whether or not they exhibited bleaching (Bleaching Status: 
Bleached or Unbleached), whether located on a reef closer to shore or farther from shore (Reef 
Location: Inshore or Offshore), and the number of times the pair laid a clutch of eggs in the first 
lunar month prior to the start of the manipulation (Number of Breeding Events: One or Two). 
Anemones within each subgroup were then randomly assigned a treatment (Fed or Control). 
Treatment Bleaching Status Reef Location 
Number of 
Breeding Events 
Fed 5 Bleached, 20 Unbleached 13 Inshore, 14 Offshore 14 One, 11 Two 





Fed groups were supplemented with 3ml freeze dried brine shrimp (Omega One, 
OmegaSea LLC, Sitka, AK) and 3ml fish pellets (Marine Life Spectrum, New Life 
International, Inc., Homestead, FL). Food was kept dry in capped tubes until delivery. 
Brine shrimp (positively buoyant) were delivered first, by squirting the shrimp just below 
the anemone with a pipette. Pellets (negatively buoyant) were delivered second by 
opening the vial and tipping them down onto the anemone. Through this method, most 
food was either immediately consumed by the fish or stuck among anemone tentacles, 
where the fish could consume it. Some food was consumed by the anemone or other fish 
species nearby. Confirmation of successful administration of food was made by 
observing the male and female of each group consuming at least one pellet or shrimp. All 
experimental groups were supplemented with food every other day (each time they were 
visited) for the two lunar months following the start of the manipulation, excepting the 
days when videos were taken to minimize the disturbance to the pair during the 
recording. Thus, supplemented groups were fed approximately 28 times during the 
manipulation. Control groups received a sham feeding treatment, using an empty vial and 
an empty pipette, to keep disturbance to all groups consistent. We were thus able to 
quantify plasticity in response to food availability by comparing changes in reproduction 
and parental care pre- and post-manipulation in the fed groups relative to the control 
groups. 
3.3.7 Statistical Analysis I - Multivariate Model of Habitat Quality and Parental Traits 
  To examine correlations between anemone area and parental traits (body size, 




was fit in a Bayesian framework using the MCMCglmm package (Hadfield 2010) in R 
version 3.6.3 (R Core Team 2018). This modeling framework allowed us to examine the 
effect of food availability on multiple parental response variables and to examine the 
variance-covariance matrix (Houslay & Wilson 2017) to calculate the correlations within 
groups among anemone area, an indicator of habitat quality, and parental traits. 
To determine pairwise correlations among traits, anemone area and six parental 
traits were fit as response variables: female standard length (FSL), male standard length 
(MSL), male  tending, female tending, number of eggs laid per clutch, and embryo 
survival. Anemone area, FSL, MSL, and male and female tending were fit with Gaussian 
error distributions. Number of eggs laid was fit with a Poisson error distribution. Embryo 
survival was fit with a binomial distribution. To control for repeated measures within 
groups, group ID was fit as a random effect. 
Feeding treatment (Fed or Control), month (1:pre-treatment, 3:post-treatment), 
and the interaction between treatment and month were fit as predictor variables. Month 1 
was pre-treatment and month 3 was post-treatment, therefore the interaction between 
treatment and month gives an estimate of the effect of feeding treatment on parental 
traits. (Data from month 2 were not included in the analysis, to allow one month for the 
treatment to take effect). Clutch age was fit as a 4-level categorical predictor for male and 
female tending (day 3, 4, 6, and 7). 
Normal priors were used for fixed effects, which assume a normally distributed 
posterior and use a mean of zero with a large variance (Hadfield, 2010). Priors for 




were set as the inverse gamma distribution (shape = scale = nu/2; nu = 1.002, V = 1 in the 
MCMCglmm notation), which are expected to be weakly informative priors (Hadfield, 
2010), and flat parameter-expanded priors were set for the random variance (V = 1, nu = 
1; prior mean: alpha.mu = 0, covariance: alpha.V = 252), which improve convergence in 
MCMC models (Gelman, 2006). The residual variances for FSL, MSL, and anemone area 
were fixed at a small value (0.01) since these measurements were averaged across the 
study period and thus had no within-individual variation, and model results were robust 
to choice of scale parameter for residual variance or use of inverse-Wishart rather than 
inverse gamma priors for residual variances. The model was run for 5040000 iterations 
with a burn-in of 40000 and chains were thinned by 1000, giving a total number of 
MCMC samples of 5000. These specifications were chosen because they resulted in 
model convergence and low autocorrelation, which were confirmed through visual 
inspection of the traces, density plots, and autocorrelation plots. The burn-in of 40000 
was used to allow the chain to reach its equilibrium, and thinning of 1000 was used to 
improve chain mixing.  
3.3.8 Statistical Analysis II - Structural Equation Model of Hypothesized Causal 
Pathways 
 To test a series of hypothesized causal pathways linking anemone area with 
parental investment and reproductive success, we used piecewise structural equation 
modeling (SEM). This statistical technique allows for the simultaneous test of multiple 




between variables, while taking into account non-gaussian error distributions and 
repeated measures (Shipley 2000).  
The causal directions between variables were inferred based on previous 
literature. Anemone area was hypothesized to influence female size due to large 
anemones providing access to more resources, causing increased growth, and resulting in 
larger females (Fautin 1992; Elliot & Mariscal 2001; Buston 2002; Chausson et al. 2018). 
Female standard length (FSL) was hypothesized to influence male standard length (MSL) 
due to the rules of the size-based dominance hierarchy in A. percula (Buston 2003a; 
Buston & Cant 2006; Chausson et al. 2018). FSL and MSL were hypothesized to 
influence egg production and parental behavior, which in turn may influence embryo 
survival (Buston & Elith 2011). Additionally, correlated errors were fit between male and 
female tending, as there is no support for a causal, unidirectional relationship between 
male and female behavior (Barbasch & Buston 2018).  
To fit our models, we used the piecewiseSEM package in R (Shipley 2009). We fit 
eight response variables and performed forward model selection using chi-squared 
difference tests to compare nested models as each pathway was added (Shipley 2000). 
First, we fit our habitat quality indicator: anemone area. Then we fit the parental traits 
hypothesized to be influenced by anemone area: FSL and MSL. Finally, we fit four 
reproductive and parental care traits hypothesized to be influenced by resource 
availability: number of eggs laid, male tending, female tending, and embryo survival. For 
number of eggs laid, male tending, female tending, and embryo survival, a random effect 




Furthermore, male and female tending were restricted to late in egg development (day 6 
or 7) because most of the behavioral variation is seen at later developmental stages 
(Barbasch & Buston 2018). FSL, MSL, and male and female tending were fit with 
Gaussian error distributions while eggs laid and embryo survival were fit with Poisson 
and binomial error distributions, respectively.  
Our model selection allowed us to test hypotheses about the indirect downstream 
effects of anemone area, FSL, and MSL by comparing the fit of models with and without 
each possible direct link between these metrics and number of eggs laid, male and female 
tending, and embryo survival. Specifically, our null model contained anemone area as a 
predictor of FSL, and FSL as a predictor of MSL, and variables number of eggs laid, 
female tending, male tending, and embryo survival were added sequentially. Nested 
models including and excluding each possible pathway between variables were compared 
using chi-squared difference tests. For MSL, we tested whether adding anemone area as a 
predictor significantly improved model fit. For number of eggs laid, we tested whether 
each sequential addition of MSL, FSL, and anemone area improved model fit. For female 
and male tending, we tested whether sequential addition of number of eggs laid, MSL, 
FSL, and anemone area as predictors significantly improved model fit. Finally, for 
embryo survival, we tested whether including female tending, male tending, number of 
eggs laid, MSL, FSL, and anemone area as predictors significantly improved model fit. 
The final model was chosen using parsimony to include only the predictors that 





3.4.1 Multivariate Model of Habitat Quality and Parental Traits 
 First, we tested the hypothesis that natural variation in anemone area results in 
positive correlations between parental traits. As predicted, anemone area was positively 
correlated with FSL (correlation = 0.77, 95% credible interval (CI) = 0.67-0.86), MSL 
(correlation = 0.64, 95% CI = 0.50-0.78), number of eggs laid (correlation = 0.50, 95% 
CI = 0.31-0.70), and male tending (correlation = 0.63, 95% CI = 0.41-0.85) (Figure 3.1). 





Figure 3.1. Correlations and 95% credible intervals for all pairwise combinations of habitat 
quality and parental traits. Points represent correlations between traits and lines represent 95% 
credible intervals around the correlation estimates from the covariance matrix of response 
variables from the MCMCglmm model. Significant correlations are bolded. The model was fit 
with seven response variables that fall into three categories: habitat quality (anemone area); 
relatively unresponsive parental investment traits (FSL and MSL); relatively responsive parental 
investment traits (number of eggs laid, male tending, female tending, and embryo survival).  
Further, as predicted, positive correlations existed between the parental traits 




95% CI = 0.60-0.83). FSL was positively correlated with number of eggs laid (correlation 
= 0.65, 95% CI = 0.48-0.80) and male tending (correlation = 0.53, 95% CI = 0.28-0.77). 
MSL was positively correlated with number of eggs laid (correlation = 0.40, 95% CI = 
0.18-0.61) and male tending (correlation = 0.39, 95% CI = 0.14-0.65). Finally, the 
number of eggs laid was positively correlated with embryo survival (correlation = 0.27, 
95% CI = 0.01-0.54). (Figure 3.1).  
3.4.2 Structural Equation Model of Hypothesized Causal Pathways 
 We tested the potential causal pathways explaining the correlations between 
anemone area and parental traits. The final SEM reveals the strengths of the pathways 
linking anemone area, parental size, egg production, parental care, and embryo survival 
(Figure 3.2). The overall model fit was assessed using AIC and Fisher’s C statistic 
(AIC=71.64; Fisher’s C = 21.64, df = 18, p-value = 0.25). Note that a p-value greater 
than 0.05 indicates that the hypothesized structure is supported by the data. Model fit was 
also assessed using the individual R2 values (FSL: marginal R2 = 0.60; MSL: marginal R2 
= 0.58; Eggs laid: marginal R2 = 0.41, conditional R2 = 0.99; Male tending: marginal R2 
= 0.18, conditional R2 = 0.56; Female tending: marginal R2 = 0.02; conditional R2 = 0.54; 
Embryo survival: marginal R2 = 0.11, conditional R2 = 0.11). Note that the marginal R2 
takes into account only the variance of the fixed effects, while conditional R2 takes into 
account the variance of both the fixed and random effects (Nakagawa et al., 2017). 
Standardized coefficient estimates indicate the relative strengths of all direct effects of 
one variable on another, while the p-value indicates whether that effect was significant, 




In the final model, which was the best fitting model based on the chi-squared 
difference tests comparing nested models, there was support for a pathway linking 
anemone area to female size, female size to reproductive output, reproductive output to 
male parental care, and male care to embryo survival (Figure 3.2). Anemone area was a 
significant predictor of FSL (Std. estimate = 0.77, df = 72, p-value < 0.001). FSL in turn 
had a significant positive effect on MSL (Std. estimate = 0.74, df = 72, p-value < 0.001) 
and number of eggs laid (Std. estimate = 0.26, df = 118, p-value = 0.015). Number of 
eggs laid had a significant positive effect on male tending (Std. estimate = 0.27, df = 89, 
p-value = 0.003), and male tending had a significant positive effect on embryo survival 
(Std. estimate = 0.74, df = 115, p-value = 0.001). The correlated error between male and 
female tending late in egg development was significant (Std. estimate = 0.25, df = 115, p-
value = 0.003), indicating a significant positive correlation between female and male 
tending late in development due to randomness or some external factor influencing both 
parents’ behaviors, rather than a causal relationship between them. This specification was 
based on our assumption that there is no causal pathway between female and male 
tending, but that does not mean there could not be such a pathway. Nevertheless, there 
was no support for a pathway linking number of eggs laid to female tending or female 
tending to embryo survival, indicating that female tending had no significant effect on the 
causal pathway linking anemone area to embryo survival except through any potential 
indirect effects via male tending. None of the additional effects included in our final 
model were significant (i.e. anemone area on eggs laid or  male tending; FSL on male 




effects were included in the final model as including each one significantly improved 
model fit. 
 
Figure 3.2. Structural equation model of the effect of habitat quality on male and female 
investment and reproductive success. Significant direct effects are indicated by arrows, weighted 
by the strengths of the standardized coefficients for each pathway, and the corresponding 
numbers indicate the standardized regression coefficient for each pathway. The double-headed 
dashed arrow corresponds to the correlated error fit between male and female tending. 
3.4.3 Experimental Manipulation of Resource Availability 
To experimentally test the hypothesis that plasticity in response to changes in 
resource availability generates variation in parental traits across groups (Figure 3.2), we 
manipulated food availability. There were significant effects of month and clutch age 
(Table 3.2): the number of eggs laid and male tending were significantly greater in month 
3 compared to month 1, and males and females spent significantly more time tending in 
late compared to early stages of egg development. There were also significant overall 
effects of treatment (Table 3.2). However, it is the interaction between treatment and 
month that reveals the effect of supplemental feeding, as month 1 was pre-manipulation 




Table 3.2. Summary of the results for the multivariate generalized linear mixed effect model 
(GLMM) testing the effect of food availability on multiple anemone and parental response 
variables. Results are shown for  the effect of supplemental feeding on four response variables: 
number of eggs laid per clutch, female tending, male tending, and embryo survival. The model 
includes the independent variables treatment (Fed: F; control: C), month (pre- and post-
manipulation), clutch age (days 3, 4, 6, 7), and the interaction between month and treatment. 
Anemone ID was fit as a random effect. Shown are the fixed effects, posterior means, lower and 
upper 95% credible intervals, effective sample sizes, and p values. Effective sample sizes 
represent the number of samples drawn from the posterior distribution, adjusted for 
autocorrelation in the chains. Significant p-values are bolded. 
Trait Response Variable 
Posterior 
Mean l-95% CI u-95% CI 
Effective 
Sample 
 Size pMCMC 
Eggs 
Laid 
Treatment (F-C) -0.40 -0.77 -0.07 5204 0.0252 
Month (post-pre) 0.50 0.37 0.65 5000 <0.0002 
Treatment (F-C)* 
Month (post-pre) 0.39 0.18 0.61 5000 0.0004 
        
Female 
Tending 
Treatment (F-C) 0.18 -0.81 1.19 5300 0.7436 
Month (post-pre) 0.12 -0.59 0.79 5000 0.7416 
Clutch Age (7-3) 0.68 0.11 1.25 5000 0.0180 
Clutch Age (7-4) 0.96 0.25 1.71 4233 0.0112 
Clutch Age (7-6) 0.40 -0.36 1.14 5000 0.2944 
Treatment (F-C)* 
Month (post-pre) 1.28 0.31 2.34 4803 0.0132 
        
Male 
Tending 
Treatment (F-C) -0.10 -1.63 1.53 4567 0.9008 
Month (post-pre) 1.17 0.23 2.14 5000 0.0196 
Clutch Age (7-3) 2.23 1.40 3.02 5000 <0.0002 
Clutch Age (7-4) 1.85 0.84 2.91 4647 0.0004 
Clutch Age (7-6) 1.01 -0.02 2.14 5000 0.0624 
Treatment (F-C)* 
Month (post-pre) 1.66 0.27 3.13 5000 0.0272 






Treatment (F-C) 0.59 -0.74 2.17 4440 0.4176 
Month (post-pre) 0.55 0.17 0.89 5000 0.0040 
Treatment (F-C)* 
Month (post-pre) -0.32 -0.89 0.22 4647 0.2692 
 
There was a positive interaction between month and feeding for the number of 
eggs laid (Figure 3.3a). The posterior mean for the interaction indicates that food-
supplemented females increased the number of eggs laid from pre- to post-manipulation 
by 51 percent more than did control females (Treatment(F-C)*Month(post): posterior 
mean = 0.39; Table 3.2). There was also a significant interaction between treatment and 
month for male and female tending (Figure 3.3b,c). The posterior means for the 
interactions indicate that fed males increase their tending from pre- to post-manipulation 
by 15 percent more than control males (Treatment(F-C)*Month(post): posterior mean = 
1.66; Table 3.2), and fed females by 62 percent more than control females (Treatment(F-
C)*Month(post): posterior mean = 1.28; Table 3.2). There was no significant interaction 





Figure 3.3. Effect of treatment on parental care and reproduction in the field. Points represent 
raw data, with control groups indicated by circles and fed groups indicated by triangles, and 
boxplots show the median and first and third quartiles for the control group (solid box) and fed 
group (dashed box). Fitted lines were generated using predicted values from MCMCglmm model 
fits for control (solid lines) and fed (dashed lines) groups for the effect of the interaction between 
treatment and month in the field on a) number of eggs laid per clutch, b) male tending (mins out 
of 15), c) female tending (mins out of 15), and d) Proportion of embryos that survived (embryo 
survival). Clutch age was fit as a covariate for male and female tending and group ID was fit as a 
random effect. Points were grouped horizontally by manipulation in all plots, as manipulation is 
discrete. 
3.5 Discussion 
Our results underscore the key role of the local environment in generating 
variation among individuals in reproduction and parental care. First, we found positive 




behavior suggesting that the quality of the anemone habitat may generate variation 
among groups in these traits. Next, we tested this hypothesis using structural equation 
modeling. We found support for a pathway linking anemone area and embryo survival 
through female and male investment in reproduction and parental care. Anemone area, a 
measure of habitat quality, had a direct effect on female size and consequently egg 
production, suggesting that females in good quality habitats grow larger and produce 
more eggs. Males provided more care to larger, potentially more valuable clutches, which 
improved embryo survival. Lastly, we experimentally tested the hypothesis that plasticity 
in response to resource availability causes variation among groups in reproductive 
strategy. We found that groups supplemented with food produce more eggs and provide 
more parental care than groups not supplemented with food, indicating that reproductive 
and parental traits are plastic in response to changes in resource availability. Together, 
these results demonstrate that plasticity in response to the local environment can result in 
substantial variation among groups in reproductive output and parenting strategies, 
revealing the potential consequences of changes in environmental quality for populations. 
Environmental variation can generate positive correlations between traits if it 
creates variation among individuals in their ability to invest in these traits (van 
Noordwijk & de Jong 1986; Reznick et al. 2000). Here, we found positive correlations 
between anemone area, female size, and male size, which have been extensively 
documented in anemonefishes and are hypothesized to result from variation in patch 
quality (e.g. Allen 1972; Fricke 1979; Fautin 1992; Mitchell & Dill 2005; Buston & Elith 




these and two parental traits (number of eggs laid and male parental care), providing 
novel support for the hypothesis that plasticity in female and male reproductive strategies 
in response to variation in habitat quality results in variation among groups in 
reproductive success. 
Considering female investment, we found evidence that positive correlations 
between anemone area, female size, and male size, and the number of eggs laid are best 
explained by the effect of anemone area on female size and the effect of female size on 
the number of eggs laid per clutch. Correlations between female size and egg production 
have been widely documented in fishes, and are explained by there being a physical 
constraint on the maximum number of eggs a female of a given size can produce (Trippel 
et al. 1997; Jennings et al. 2009; Saenz-Agudelo et al. 2015; Barneche et al. 2018). The 
results of our SEM similarly support a capacity constraint limiting egg production by 
size. However, we also found evidence that females with greater access to resources 
produce more eggs than females with less access to resources when controlling for size. 
Together with the effect of anemone area on female size, these results suggest that 
females respond to resource variation in two ways on two timescales (Figure 3.4): first, 
females in good habitats can grow more, become larger and thus have greater potential 
egg production because of their size; second, females in good habitats and with more 
resources invest more and have greater actual egg production for their size. These two 
types of responses may reflect female investment in capital (i.e. size) versus income (i.e. 
current food intake) (Stephens et al. 2009). Thus variation in resources can have both 
long-term (indirect via growth and size) and short-term (direct via egg production) effects 
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on the number of eggs produced, generating extensive variation among females in 
reproductive output. 
Figure 3.4. Conceptual model illustrating capital/long-term (standard length) and income/short-
term (eggs laid) investments in lifetime reproduction by female clownfish. It is assumed that there 
is a minimum size at which females can reproduce (x-intercept: 35 mm; unpublished data). 
Females in large anemones, with access to large amounts of resources, will grow more than 
females in small anemones. This will be a long-term investment in reproduction, giving females 
greater potential egg production (upper, solid line). Females in large anemones, with access to 
large amounts of resources, will lay more eggs for their size (middle, dotted line) than females in 
small anemones (lower, dashed line). This is a short-term investment in reproduction, giving 
females greater actual egg production for their size. [Points show observed data from Month 3 
(post-manipulation) with circles representing control groups and triangles representing fed 
groups; Lower-dashed and middle-dotted lines are best fit through the control group and fed 
group data respectively, assuming the minimum size of reproduction and controlling for group ID 




females with the highest reproductive output relative to size and the minimum size of 
reproduction]. 
Considering male investment, we found that the positive correlations between 
anemone area, female size, and male size, and the amount of time males spent tending are 
best explained by the effect of anemone area on female size, the effect of female size on 
the number of eggs laid, and the effect of number of eggs laid on male tending. There are 
two, non-exclusive, explanations for this increase in male care when many eggs are 
present. First, males in good environments may spend more time tending because they 
have more energetic reserves to invest (van Noordwijk & de Jong 1986; Reznick et al. 
2000). Second, males may allocate more to more valuable clutches and limit investment 
in, or even cannibalize, small clutches due to their low value in terms of lifetime 
reproductive success (Kvarnemo et al. 1998; Manica 2002; Klug & Bonsall 2007). Both 
explanations are consistent with our observational and experimental results, so we are 
unable to discriminate between the effects of food resource availability versus 
reproductive value on male investment. Further, we found that in groups with males that 
spent more time tending to the eggs at late (but not early) stages in development, a 
greater proportion of embryos survived to hatching. Together with the previous results, 
this suggests that mothers can influence the pair’s reproductive success through potential 
and actual egg production and fathers can influence the pair’s reproductive success 
through parental care.  
A study by Head et al. (2014) conducted on biparental burying beetles similarly 
demonstrated that female and male investment strategies differed in how they influenced 




provided by the primary caregiver (in burying beetles, the female), was the primary 
determinant of offspring performance, and that female investment in turn influenced male 
investment. In contrast to our study, however, male care in burying beetles was 
negatively related to the duration of female care, suggesting that sexual conflict and 
social interactions between females and males may explain this variation in parenting 
strategies. In A. percula, females and males form long-term monogamous pairs and 
parents have few outside options as anemone habitat is saturated and the probability of 
predation outside the anemone is high (Buston 2003b), suggesting that unlike in burying 
beetles, sexual conflict might be low. Thus, in A. percula, females and males may be 
favored to coordinate their behaviors to reach a cooperative outcome that maximizes pair 
reproductive success. This might further help explain why pairs respond in similar ways 
to changes in resource availability, because by coordinating their responses, pairs may be 
able to optimize their reproductive allocation strategies by improving embryo survival 
through greater combined investment in reproduction and parental care when 
environmental conditions are good, while both limiting investment in reproduction and 
care when conditions are poor. 
Our results, when interpreted alongside current literature, provide insight into how 
populations will respond to environmental changes. A study by Salles et al. (2019) found 
evidence for strong effects of habitat characteristics, notably anemone species and 
location, and weak genetic effects on the lifetime reproductive success of A. percula, and 
suggested that this species is particularly susceptible to changes in habitat quality. 




success implies limited adaptive potential (Fisher 1930). In cases where adaptive 
potential is low, plasticity in fitness-associated traits may be of critical importance by 
allowing for rapid, population-level responses and persistence in the face of 
environmental changes (Pigliucci & Murren 2003; Ghalambor et al. 2007; Wund 2012). 
Furthermore, if there is genetic variation underlying plasticity, measured as genotype by 
environment interactions, then there is the potential for plasticity to evolve in response to 
selection (Sgrò & Hoffmann 2004; Nussey et al. 2007; Dingemanse & Wolf 2013; 
Adams et al. 2015). Our field survey found evidence for the key role of local 
environmental heterogeneity in generating variation in parental investment and 
reproductive output in A. percula, even within a single host anemone species. 
Furthermore, our experimental manipulation found evidence of substantial plasticity in 
reproduction and parental care in response to local resource availability, providing some 
hope for population stability and persistence despite environmental changes. 
3.6 Conclusion 
Our study highlights the vital role habitat quality plays in the stability and 
persistence of A. percula populations. We found that variation in access to resources 
among anemones of different sizes can generate variation among pairs of anemonefish in 
their reproductive strategies. This variation in turn has consequences for reproductive 
success. Furthermore, low additive genetic variance in reproductive success implies 
limited adaptive potential in response to habitat degradation (Salles et al. 2019). 
Therefore, plasticity in reproduction and parental care may be of crucial importance. Our 




may allow individuals to optimize their reproductive allocation in response to variable 
environments. An important next step in evaluating the evolutionary potential of this 
population is to determine whether or not plasticity is adaptive in this context. Genetic 
variation in the reaction norm would suggest that adaptive responses can evolve under 
selection (Nussey et al. 2007). Furthermore, individual variation in plasticity arising from 
past experiences can theoretically stabilize population-level responses, simply due to the 
diversity of responses in the population (West-Eberhard 2003; Wolf & Weissing 2012; 
Dingemanse & Wolf 2013). Therefore, even in the absence of genetic variation, 
individual variation might mitigate the negative effects of environmental changes. By 
allowing individuals to respond to changing environmental conditions, plasticity may 
provide a critical lifeline to populations. 
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Power and Punishment Influence Negotiations Over Parental Care 
4.1 Abstract 
Asymmetries in power, the ability to influence the outcome of conflict, are 
ubiquitous in social interactions because interacting individuals are rarely identical. It is 
well-documented that asymmetries in power influence the outcome of reproductive 
conflict in social groups. Yet power asymmetries have received little attention in the 
context of negotiations between caring parents, which is surprising given that parents are 
often markedly different in size. Here we built on an existing negotiation model to 
examine how power and punishment influence negotiations over care. We incorporated 
power asymmetry by allowing the more powerful parent, rank 1, to inflict punishment on 
the less powerful parent, rank 2. We then determined when punishment will be favored 
by selection and how it would affect the negotiated behavioral response of each parent. 
We found that with power and punishment, a reduction in one parent’s effort results in 
partial compensation by the other parent. However, the degree of compensation is 
asymmetric: the rank 2 compensates more than the rank 1. As a result, the fitness of rank 
1 increases and the fitness of rank 2 decreases, relative to the original negotiation model. 
Furthermore, because power and punishment enable one parent to extract greater effort 
from the other, offspring can do better, i.e. receive more total effort, when there is power 
and punishment involved in negotiations over care. These results reveal how power and 
punishment alter the outcome of conflict between parents and affect offspring, providing 





Power, the ability to influence the outcome of conflict, is an elusive feature of 
social interactions because power is not easily measured. For example, although the 
outcome of territorial disputes intuitively should be determined by the relative size or 
physical strength of the interacting individuals, the outcomes of such disputes can also be 
influenced by differences in motivation or personality (1). Furthermore, how power is 
determined may depend on the specifics of the system being studied, making it difficult 
to determine when and why one individual will have power over another (2). One 
mechanism by which an individual can exert their power over another is through the 
threat of punishment. Punishment refers to a reduction in the punisher’s current payoff to 
ensure cooperation by its partner in the future (3). As actual conflict can be costly, or 
even deadly, individuals are predicted to use the threat of punishment and avoid actual 
conflict (4). Such hidden threats only escalate when individuals do not cooperate and thus 
punishment is rarely observed under natural conditions (Cant 2006). Due to the 
difficulties in directly observing who has power, theory serves as a valuable tool for 
understanding how power and punishment influence the outcome of conflicts.  
Theory has provided great insight into how power and punishment influence the 
outcome of conflict in two different contexts: conflict between social group members 
over reproduction and conflict between parents and offspring over care (e.g. Reeve & 
Shen 2006; Buston et al. 2007; Hinde & Kilner 2007). Models of reproductive skew 
make contrasting assumptions about who has power over the partitioning of reproduction 




over how reproduction is partitioned (5–7), while others make the assumption that there 
is incomplete control and reproduction is partitioned by costly competition between 
group members (8,9). These models explain why some individuals forgo reproduction to 
help dominants, and empirical tests of these models reveal the role power and punishment 
can play in maintaining group stability and enforcing cooperation (2). Similarly, models 
of parent-offspring conflict have generated predictions for how resources will be 
allocated depending on whether the power lies with the parents or the offspring. These 
models have helped to explain the empirical patterns of coadaptation between parental 
provisioning and offspring solicitation traits (10,11). Parents in many animals are 
frequently observed disciplining overly persistent offspring, for example by biting or 
kicking offspring that are attempting to suckle (12). 
Surprisingly, despite the importance of power and punishment in the resolution of 
conflicts in these two other social contexts, power dynamics have received virtually no 
attention in the context of conflict between caring parents. Conflict between parents 
arises because care is costly, and so each parent can benefit from shifting the burden of 
care to the other (13). The threat of punishment is expected to play a role in the resolution 
of conflict between parents for several reasons. First, there are likely power asymmetries 
between parents, increasing the credibility of the threat and the chance of cooperation by 
the less powerful to avoid being punished. Second, parental care is a dyadic interaction, 
therefore threats and punishment can be easily targeted at the non-cooperative individual. 
And third, parents must interact repeatedly to raise their young, allowing for the benefits 




The resolution of conflict among caring parents has, however, been the focus of 
extensive theoretical work, without explicit consideration of power dynamics (15–19). A 
series of game theoretic models were developed over the past three decades that helped to 
guide the study of parental conflict. (15) developed a framework for explaining how 
much effort parents should invest in their current offspring by assuming that parents 
benefit from the total amount of care the offspring receive, but pay a cost to future 
reproduction that depends only on their own level of effort. The outcome is determined 
by finding the evolutionarily stable (ES) level of effort that confers the greatest fitness 
advantage given the ES level of effort of its partner. The model assumes that each 
parent’s investment is a ‘sealed bid,’ i.e. there is no opportunity to respond to partner 
effort in behavioral time. A sealed bid is not evolutionarily stable, however, because an 
individual that can respond in behavioral time will be able to exploit their partner’s fixed 
response (16). In many species, parental effort is plastic (20), thus it is widely recognized 
that in nature, the assumption that parental effort is fixed in behavioral time is often 
unrealistic. 
 (16) developed a model that allows individuals to respond to each other by 
assuming a cost-free period of negotiation where parents alternate bids until they reach a 
settlement such that each parent’s response represents the best response to the other 
parent. The outcome is a pair of evolutionarily stable response rules that determine how 
an individual should respond to a change in their partner’s effort. The key predictions of 
this model are that individuals will partially compensate for a change in partner effort and 




approach. A meta-analysis in birds revealed that partial compensation is the mean 
response, but there are many cases in which no compensation or even the opposite 
response (in which an individual matches a change in partner effort) is observed (21). 
Further modifications to the original model incorporate how much information each 
parent has about offspring need (19) and how conditional cooperation between partners 
(18) influence the outcome of negotiations. This series of models has provided an 
explanation for some of the diversity in responses within and across species. However, 
the role of power has not been explored in the context of parental negotiations despite its 
potential to improve our understanding of empirical patterns, given that power and 
punishment likely occur in many interactions among parents. 
Here we incorporate power and punishment into the existing negotiation model 
framework by allowing parents to punish each other in response to parental effort. As a 
starting point, we assume that there is a large asymmetry in power such that one parent 
has complete control over punishment. The more powerful parent is called rank 1 and it 
can punish (inflict a cost) on the rank 2 as a function of the amount of care the rank 2 
provides. We initially assume at first that inflicting punishment comes at no cost to the 
rank 1, then we relax that assumption to determine how a proportional cost to the rank 1 
of punishing influences negotiations. We use this model to answer three questions about 
how punishment shapes negotiations over parental care: 1) Under what conditions does a 
parent benefit by inflicting a punishment cost? 2) How do power and punishment affect 
the response rules and negotiated levels of effort of each parent? and 3) How do power 




4.3 Model Description and Results 
4.3.1 Original Model Set-up 
In this section, we first review the analysis of the original model by (16), which 
lets two parents undergo a cost-free negotiation in which they determine the optimal 
amount of effort to invest in their offspring given the response of the other parent. In the 
next section, we build directly on this analysis to introduce power and punishment, and 
compare the outcomes with those of the original model. The original model assumes that 
parents face a trade-off between investing in current versus future reproduction and that 
there is conflict between parents such that the benefits of parental effort depend on the 
efforts of both parents, but the cost depends only on the focal individual’s effort. This 
original model (e.g. McNamara et al. 1999) provides a baseline which we use to measure 
how the inclusion of power and punishment affects predicted patterns of parental effort 
and their effect on offspring fitness.  
The original model can be used to determine when negotiations will be favored by 
selection and how the negotiated outcome compares to the outcome under alternative 
models of parental care, for example when parental effort is fixed and parental care is not 
plastic (15) or when only one parent provides care (17). First, we can show when 
negotiations will be favored by selection relative to fixed effort, by analyzing general 
functions for costs and benefits of parental care and making assumptions about the shapes 
of those functions. Next, specific functions for costs and benefits with the assumed 
properties can be used to demonstrate the effect of negotiation on the behavioral 




provides after negotiation. Finally, the analysis of these specific functions can be used to 
reveal the effect of negotiation on the fitness of the offspring, to determine whether the 
offspring benefit from negotiations between their parents. 
The fitness of a parent is given by a benefit, as a function of both its own and its 
partner’s effort, and a cost, as a function of its own effort. The benefit to parent 1 for a 
given level of effort, 𝑢𝑢1, and the effort of its partner, 𝑢𝑢2, is given by 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2). The 
cost to parent 1 of providing effort at the level 𝑢𝑢1 is given by 𝐾𝐾(𝑢𝑢1). The fitness of parent 
2 is found analogously. We assume, as did (16), that the benefit is increasing with 
diminishing returns as function of effort such that 𝐵𝐵′> 0 and 𝐵𝐵′′< 0, and that the cost is 
increasing and accelerating as a function of effort, such that 𝐾𝐾′> 0 and 𝐾𝐾′′> 0. The total 
fitness, W, of each parent is the benefit minus the cost of providing care: 
 𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) −𝐾𝐾(𝑢𝑢2) (1) 
𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) −𝐾𝐾(𝑢𝑢2) (2) 
The Evolutionarily Stable (ES) fixed level of effort for each parent is found by 
maximizing the fitness function for each parent, given its partner’s best effort (15). If 
parents undergo a negotiation, however, the optimal level of effort will depend on the 
response rule of the partner rather than a fixed level of effort by the partner. If parents are 
responding to each other, the effort of each parent, 𝑢𝑢1 and 𝑢𝑢2, will be represented in the 
fitness equation as a function of the other parent’s effort. Following (16) we call these 
functions ‘response rules.’ The response rule of parent 1 to the effort of parent 2 is 
?̂?𝑟1 (𝑢𝑢2) and the response rule of parent 2 to the effort of parent 1 is ?̂?𝑟2 (𝑢𝑢1). The slope of 




response rule with respect to partner effort, and represents the responsiveness to a change 
in partner effort. To simplify the notation, we let ?̂?𝑟1′(𝑢𝑢2) = −𝜆𝜆1 and ?̂?𝑟2′(𝑢𝑢1) = −𝜆𝜆2. If 𝜆𝜆 is 
positive, the slope of the response rule is negative and a change in partner effort will 
result in a compensatory (opposing) change in own effort, thus positive 𝜆𝜆 represents the 
degree of compensation. Alternatively, if 𝜆𝜆 is negative, then a change in partner effort 
results in a matching change in own effort, thus positive 𝜆𝜆 would represent the degree of 
matching. Biparental care will only be an ESS when 0< |𝜆𝜆|<1, which results in the 
response rules intersecting and allowing effort to converge during negotiation (16).  
To find the response rules and levels of effort that maximize fitness, we first 
replace 𝑢𝑢2 with the response rule of parent 2, ?̂?𝑟2 (𝑢𝑢1), in the fitness function for parent 1 
and 𝑢𝑢1 with the response rule of parent 1, ?̂?𝑟1 (𝑢𝑢2), in the fitness function for parent 2: 
𝑊𝑊1(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵 �𝑢𝑢1 + ?̂?𝑟2 (𝑢𝑢1)� − 𝐾𝐾𝑐𝑐(𝑢𝑢1) (3) 
𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(?̂?𝑟1 (𝑢𝑢2) + 𝑢𝑢2) − 𝐾𝐾𝑐𝑐(𝑢𝑢2) (4) 
Next, we differentiate the fitness of parent 1 with respect to 𝑢𝑢1 and the fitness of parent 2 
with respect to 𝑢𝑢2, to determine how an individual’s fitness changes with a change in its 
own effort given that its partner uses the response rule. Differentiating 𝑊𝑊1with respect to 
𝑢𝑢1 and 𝑊𝑊2with respect to 𝑢𝑢2 gives: 
𝑑𝑑
𝑑𝑑𝑢𝑢1
𝑊𝑊1�𝑢𝑢1, ?̂?𝑟2(𝑢𝑢1)� =  (1 − 𝜆𝜆2)𝐵𝐵′ �𝑢𝑢1 + ?̂?𝑟2 (𝑢𝑢1)� − 𝐾𝐾𝑐𝑐′(𝑢𝑢1) (5a) 
𝑑𝑑
𝑑𝑑𝑢𝑢2
𝑊𝑊2(?̂?𝑟1(𝑢𝑢2),𝑢𝑢2, ) =  (1 − 𝜆𝜆1)𝐵𝐵′�?̂?𝑟1 (𝑢𝑢2) + 𝑢𝑢2� − 𝐾𝐾𝑐𝑐′(𝑢𝑢2) (5b) 
Conceptually, we then set the derivatives of both fitness functions equal to 0 and solve 




minimize fitness as a function of partner effort. However, without having either i) a local 
approximation or ii) specific functions for the costs and benefits, it is impossible to find 
an explicit solution.  
4.3.2 Original Model Solution 1: General functions with a local approximation 
The first way of finding a solution to the original model uses a local approximation to 
compare the outcome of negotiation to that of a fixed response (McNamara et al. 1999). 
If we assume that the ES negotiated levels of effort are close to the ES fixed levels, we 
can approximate the fitness functions near the ES fixed level from (15), 𝑢𝑢∗, using a 
Taylor approximation. The Taylor series represents a function as an infinite sum that 
converges to the true function and thus the first terms can be used to approximate a 
function near a point. Here we use a quadratic approximation by using the first three 
terms of the Taylor series and take it to be exact, as in (16), which yields the following 
approximated cost and benefit functions for parent 1 (and analogously for parent 2):  
𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) ≈ 𝐵𝐵(2𝑢𝑢∗) + (𝑢𝑢1 + 𝑢𝑢2 − 2𝑢𝑢∗)𝐵𝐵′(2𝑢𝑢∗) +
1
2
(𝑢𝑢1 + 𝑢𝑢2 − 2𝑢𝑢∗)2𝐵𝐵′′(2𝑢𝑢∗) (6) 
𝐾𝐾(𝑢𝑢1) ≈ 𝐾𝐾(𝑢𝑢∗) + (𝑢𝑢1 − 𝑢𝑢∗)𝐾𝐾′(𝑢𝑢∗) +
1
2
(𝑢𝑢1 − 𝑢𝑢∗)2𝐾𝐾′′(𝑢𝑢∗) (7) 
Substituting these approximated functions for the benefits and costs into the fitness 
function for parent 1 (equation 1), [and analogously for parent 2 (equation 2)], and 
replacing 𝑢𝑢2 with ?̂?𝑟2 (𝑢𝑢1), as in equation (3) and 𝑢𝑢1 with ?̂?𝑟1 (𝑢𝑢2), as in equation (4), 
gives: 
𝑊𝑊1�𝑢𝑢1, ?̂?𝑟2(𝑢𝑢1)� = 
�𝐵𝐵(2𝑢𝑢∗) + (𝑢𝑢1 + ?̂?𝑟2(𝑢𝑢1) − 2𝑢𝑢∗)𝐵𝐵′(2𝑢𝑢∗) +
1
2




�𝐾𝐾(𝑢𝑢∗) + (𝑢𝑢1 − 𝑢𝑢∗)𝐾𝐾′(𝑢𝑢∗) +
1
2
(𝑢𝑢1 − 𝑢𝑢∗)2𝐾𝐾′′(𝑢𝑢∗)� (8) 
Taking the derivative of equation (8) with respect to 𝑢𝑢1, setting the result equal to 
zero, and solving for 𝑢𝑢1 gives the response rule of parent 1 in terms of 𝜆𝜆2, the 
responsiveness of parent 2, and 𝑢𝑢∗, the ES fixed level of effort. From this analysis and 
given the assumptions about the shapes of the cost and benefit functions, McNamara et 
al. show using a focal point for local approximation, 𝑢𝑢∗, that the negotiated levels of 
effort under negotiation are less than the case where effort is fixed, and that a responsive 
individual is doing the best it possibly can with any partner (negotiation is an ESS 
relative to fixed levels of effort) (15,16). 
4.3.3 Original Model Solution 2: Specific functions with an explicit solution 
It is also possible to find an explicit solution to the original model using specific 
functions. (17) analyzed a case with quadratic functions for the costs and benefits that 
have the assumed properties of marginal benefits and accelerating costs. Quadratic 
functions are useful because they result in an explicit solution with stable, linear response 
rules, simplifying the analysis and allowing for graphical representations of results. The 
benefit and cost functions for parent 1 (and analogously for parent 2) are assumed to be: 
𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) = 2(𝑢𝑢1 + 𝑢𝑢2) − (𝑢𝑢1 + 𝑢𝑢2)2 (9) 
𝐾𝐾(𝑢𝑢1) = 𝑘𝑘𝑢𝑢12 (10) 
The benefit is an increasing and concave down function (for u1+u2 < 1), showing 
diminishing returns as total effort increases. The costs are an upward-facing parabola, 




increases. Thus they fulfill the assumptions of the case with general functions because 
𝐵𝐵′> 0, 𝐵𝐵′′< 0, 𝐾𝐾′> 0, and 𝐾𝐾′′> 0. As described above, we first replace 𝑢𝑢2 with ?̂?𝑟2 (𝑢𝑢1), in 
the fitness function for parent 1 and 𝑢𝑢1 with ?̂?𝑟1 (𝑢𝑢2), in the fitness function for parent 2. 
Next we differentiate the fitness of parent 1 with respect to the effort of parent 1, and the 
fitness of parent 2 with respect to the effort of parent 2. Then by setting the results to 
zero, we can solve for the level of effort of each parent that maximizes or minimizes its 
own fitness. Because the functions are quadratic, the response rules will be linear 
functions of partner effort. Where the two lines intersect represents the final negotiated 
levels of effort for each parent, which we can find by solving the two response rules 
simultaneously for each parent’s effort (17). 
4.3.4 Incorporating Power and Punishment 
Our analysis incorporates power and punishment into the original model and 
parallels the analysis described above to compare negotiated outcomes with and without 
punishment. First, we use general functions for costs and benefits to determine under 
what conditions a parent can benefit by exerting their power. Second, we analyze specific 
quadratic functions for costs and benefits to determine how power and punishment 
influence the response rules and negotiated levels of effort of each parent. Finally, we use 
the results from the analysis of quadratic functions to determine how power and 
punishment influence the fitness of the offspring. 
We begin by adding an additional assumption to the original model: that one 
parent is socially dominant over the other, such that it can punish, i.e., inflict a cost on, 




reasonable in systems where the dominant individual can monitor subordinate effort and 
inflict a cost at little risk to itself, e.g., by causing physical harm or limiting access to 
resources, according to the amount of subordinate effort provided. At first we assume that 
the more powerful parent does not incur any cost from punishing, but then relax that 
assumption to determine how incurring a cost from punishing, proportional to the cost 
inflicted, influences our analysis (see Appendix A). 
To represent an asymmetry in power, and be agnostic as to which sex is more 
powerful, we call the more powerful parent ‘rank 1’ and the less powerful parent ‘rank 
2.’ As before, the benefit to both ranks for their own effort and the effort of their partner 
is 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2). The cost to each parent of rank i, of providing effort at the level 𝑢𝑢i is now 
split into two components: the cost to a parent of providing care, 𝐾𝐾𝑐𝑐, and the cost of being 
punished, 𝐾𝐾𝑝𝑝. The cost to rank 1 of providing effort at level 𝑢𝑢1 is 𝐾𝐾𝑐𝑐(𝑢𝑢1) and the cost of 
being punished is 0 (for this version of our model). The cost to rank 2 of providing effort 
at the level 𝑢𝑢2 is 𝐾𝐾𝑐𝑐(𝑢𝑢2), and the cost to rank 2 of receiving punishment is 𝐾𝐾𝑝𝑝(𝑢𝑢2). The 
total fitness, 𝑊𝑊, of a parent of rank 𝑖𝑖 is thus the benefit minus the cost of providing care 
together with the cost of punishing or being punished:  
𝑊𝑊1(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) − 𝐾𝐾𝑐𝑐(𝑢𝑢1) − 0 (11a) 
𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) −𝐾𝐾𝑐𝑐(𝑢𝑢2) − 𝐾𝐾𝑝𝑝(𝑢𝑢2) (11b) 
To find the optimal response rules, we first replace 𝑢𝑢2 with the response rule of rank 
2, ?̂?𝑟2 (𝑢𝑢1), in equation (11a) and 𝑢𝑢1 with the response rule of rank 1, ?̂?𝑟1 (𝑢𝑢2), in equation 
(11b): 




𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(?̂?𝑟1 (𝑢𝑢2) + 𝑢𝑢2) − 𝐾𝐾𝑐𝑐(𝑢𝑢2) − 𝐾𝐾𝑝𝑝(𝑢𝑢2) (12b) 
Next we take the derivative of equation (12a) with respect to 𝑢𝑢1 and equation (12b) with 
respect to 𝑢𝑢2: 
𝑑𝑑
𝑑𝑑𝑢𝑢1
𝑊𝑊1�𝑢𝑢1, ?̂?𝑟2(𝑢𝑢1)� =  (1 − 𝜆𝜆2)𝐵𝐵′ �𝑢𝑢1 + ?̂?𝑟2 (𝑢𝑢1)� − 𝐾𝐾𝑐𝑐′(𝑢𝑢1) (13a) 
𝑑𝑑
𝑑𝑑𝑢𝑢2
𝑊𝑊2(?̂?𝑟1(𝑢𝑢2),𝑢𝑢2, ) =  (1 − 𝜆𝜆1)𝐵𝐵′�?̂?𝑟1 (𝑢𝑢2) + 𝑢𝑢2� − 𝐾𝐾𝑐𝑐′(𝑢𝑢2) − 𝐾𝐾𝑝𝑝′(𝑢𝑢2) (13b) 
To find the optimal response rules, we set the derivatives in equations (13a) and (13b) 
equal to 0 and solve for 𝑢𝑢1 and 𝑢𝑢2 as functions of partner effort. Because an explicit 
solution cannot be found using these general functions, we use the two approaches 
outlined above: i) using a local approximation, and ii) using specific functions for the 
costs and benefits. These two methods allow us to determine first, under what conditions 
does a parent benefit by inflicting a punishment cost, second, how punishment influences 
the response rules and negotiated levels of effort of each parent, and third, how power 
and punishment influence the fitness of the offspring.    
4.3.5 Solution 1: Under what conditions does a parent benefit by inflicting a 
punishment cost? 
First, we analyze the case in which parents can respond to each other’s effort to 
reach a negotiated settlement when there is an asymmetry in power and ask under what 
conditions will selection favor punishment relative to no punishment. When rank 1 can 
punish rank 2, selection will favor punishment by rank 1 if the fitness payoff to rank 1 
with punishment is greater than its payoff without punishment. Given the fitness 




the benefit must increase more than the cost, when rank 1 inflicts a cost on rank 2. 
Because punishment influences 𝑢𝑢2, rank 1 is favored to inflict a cost 𝐾𝐾𝑝𝑝(𝑢𝑢2) on rank 2 if 
this results in an increase in rank 2 effort relative to when there is no punishment. For this 
reason, we begin by seeking the level of effort that maximizes the fitness of rank 2 under 
punishment. 
 To begin, we assume that the negotiated level of effort with punishment is near 
the negotiated level of effort without punishment (from the original model), which is 
realistic if punishment is not so extreme that it dramatically changes parental effort. Next, 
we can approximate the cost and benefit functions for 𝑢𝑢2 near the negotiated level of 
effort, 𝑢𝑢𝑁𝑁∗ , from (16), using a Taylor expansion. To get the negotiated level of effort of 
rank 2 under punishment and determine when it is greater relative to the classic 
negotiated level of effort, 𝑢𝑢𝑁𝑁∗ , we use the quadratic Taylor approximation of the cost and 
benefit functions and take them to be exact: 
𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) ≈ 𝐵𝐵(2𝑢𝑢𝑁𝑁∗  ) + (𝑢𝑢1 + 𝑢𝑢2 − 2𝑢𝑢𝑁𝑁∗  )𝐵𝐵′(2𝑢𝑢𝑁𝑁∗  ) + 
1
2
(𝑢𝑢1 + 𝑢𝑢2 − 2𝑢𝑢𝑁𝑁∗  )2𝐵𝐵′′(2𝑢𝑢𝑁𝑁∗  ) (14) 
𝐾𝐾𝑐𝑐(𝑢𝑢2) ≈ 𝐾𝐾𝑐𝑐(𝑢𝑢𝑁𝑁∗  ) + (𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗  )𝐾𝐾𝑐𝑐′(𝑢𝑢𝑁𝑁∗  ) + 
 1
2
(𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗  )2𝐾𝐾𝑐𝑐′′(𝑢𝑢𝑁𝑁∗  ) (15) 
𝐾𝐾𝑝𝑝(𝑢𝑢2) ≈ 𝐾𝐾𝑝𝑝(𝑢𝑢𝑁𝑁∗  ) + (𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗  )𝐾𝐾𝑝𝑝′(𝑢𝑢𝑁𝑁∗  ) +  
1
2




Substituting the cost and benefit equations (14,15,16) above into equation (12a), the 
fitness function of the rank 1, and replacing 𝑢𝑢1 with the response rule of rank 2, ?̂?𝑟2(𝑢𝑢1) 
gives the fitness of rank 1 as a function of the rank 2 response (17a).  
𝑊𝑊1�𝑢𝑢1, ?̂?𝑟2(𝑢𝑢1)� = 
�𝐵𝐵(2𝑢𝑢𝑁𝑁∗  ) + (𝑢𝑢1 + ?̂?𝑟2(𝑢𝑢1) − 2𝑢𝑢𝑁𝑁∗  )𝐵𝐵′(2𝑢𝑢𝑁𝑁∗  ) +
1
2
(𝑢𝑢1 + ?̂?𝑟2(𝑢𝑢1) − 2𝑢𝑢𝑁𝑁∗  )2𝐵𝐵′′(2𝑢𝑢𝑁𝑁∗  )� − 
�𝐾𝐾𝑐𝑐(𝑢𝑢𝑁𝑁∗  ) + (𝑢𝑢1 − 𝑢𝑢𝑁𝑁∗  )𝐾𝐾𝑐𝑐′(𝑢𝑢𝑁𝑁∗  ) +
1
2
(𝑢𝑢1 − 𝑢𝑢𝑁𝑁∗  )2𝐾𝐾𝑐𝑐′′(𝑢𝑢𝑁𝑁∗  )� (17a) 
Analogously, substituting equations (14,15,16) into equation (12b), the fitness function of 
the rank 2, and replacing 𝑢𝑢1 with the response rule of rank 1, ?̂?𝑟1(𝑢𝑢2), gives the fitness of 
rank 2 as a function of the rank 1 response (17b).  
𝑊𝑊2(?̂?𝑟1(𝑢𝑢2),𝑢𝑢2) = 
�𝐵𝐵(2𝑢𝑢𝑁𝑁∗  ) + (?̂?𝑟1(𝑢𝑢2) + 𝑢𝑢2 − 2𝑢𝑢𝑁𝑁∗  )𝐵𝐵′(2𝑢𝑢𝑁𝑁∗  ) +
1
2
(?̂?𝑟1(𝑢𝑢2) + 𝑢𝑢2 − 2𝑢𝑢𝑁𝑁∗  )2𝐵𝐵′′(2𝑢𝑢𝑁𝑁∗  )� − 
�𝐾𝐾𝑐𝑐(𝑢𝑢𝑁𝑁∗  ) + (𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗  )𝐾𝐾𝑐𝑐′(𝑢𝑢𝑁𝑁∗  ) +
1
2
(𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗  )2𝐾𝐾𝑐𝑐′′(𝑢𝑢𝑁𝑁∗  )� − 
�𝐾𝐾𝑝𝑝(𝑢𝑢𝑁𝑁∗  ) + (𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗  )𝐾𝐾𝑝𝑝′(𝑢𝑢𝑁𝑁∗  ) +
1
2
(𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗  )2𝐾𝐾𝑝𝑝′′(𝑢𝑢𝑁𝑁∗  )� (17b) 
Using this Taylor approximation near 𝑢𝑢𝑁𝑁∗  will allow us to compare how fitness changes 
with power and punishment relative to the original model. To find the level of effort that 
maximizes the fitness of rank 2, we take the derivative of its own fitness function with 
respect to its own effort from equation (17b), set it to 0, and solve for the effort of rank 2, 
as a function of the rank 1 response rule. 
Taking the derivative of the Taylor expanded fitness function with respect to 𝑢𝑢2 and 




�1 + ?̂?𝑟1′(𝑢𝑢2)�𝐵𝐵′(𝑢𝑢𝑁𝑁∗ ) + (𝑢𝑢1 + 𝑢𝑢2 − 2𝑢𝑢𝑁𝑁∗ )�1 + ?̂?𝑟1′(𝑢𝑢2)�𝐵𝐵′′(2𝑢𝑢𝑁𝑁∗ ) −𝐾𝐾𝑐𝑐′(𝑢𝑢𝑁𝑁∗ ) − 
(𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗ )𝐾𝐾𝑐𝑐′′(𝑢𝑢𝑁𝑁∗ ) − (𝑢𝑢2 − 𝑢𝑢𝑁𝑁∗ )𝐾𝐾𝑝𝑝′′(𝑢𝑢𝑁𝑁∗ ) − 𝐾𝐾𝑝𝑝′(𝑢𝑢𝑁𝑁∗ ) = 0 
We set the slope of the response rule ?̂?𝑟1′(𝑢𝑢2) = −𝜆𝜆1 to represent the “responsiveness” of 
rank 1 to a change in rank 2 effort. We also have the condition that 0< |𝜆𝜆|<1. To simplify 
the notation, 𝐵𝐵′′(2𝑢𝑢𝑁𝑁∗ ) is written 𝐵𝐵′′, 𝐾𝐾𝑐𝑐′′(𝑢𝑢𝑁𝑁∗ ) is written 𝐾𝐾𝑐𝑐′′,  𝐾𝐾𝑝𝑝′′(𝑢𝑢𝑁𝑁∗ ) is written 𝐾𝐾𝑝𝑝′′, and 
𝐾𝐾𝑝𝑝′(𝑢𝑢𝑁𝑁∗ )  is written 𝐾𝐾𝑝𝑝′ . Finally, solving for the effort of rank 2 as a function of 𝑢𝑢1, which 
we define as the response rule of rank 2, and simplifying gives: 







The response rule of rank 1, assuming no cost to the rank 1 of punishing, is found 
analogously by solving for the effort of rank 1, which is the rank 1 response rule, as a 
function of 𝑢𝑢2 gives:  







At equilibrium, McNamara et al. (1999) show that (1 − 𝜆𝜆𝐸𝐸𝐸𝐸𝐸𝐸)𝐵𝐵′(2𝑢𝑢𝑁𝑁∗ ) = 𝐾𝐾𝑐𝑐′(𝑢𝑢𝑁𝑁∗ ), where 
𝜆𝜆𝐸𝐸𝐸𝐸𝐸𝐸 is the negative slope of the evolutionarily stable response rule. Assuming 𝜆𝜆1and 𝜆𝜆2 
are close to 𝜆𝜆𝐸𝐸𝐸𝐸𝐸𝐸, then (1 − 𝜆𝜆1)𝐵𝐵′(𝑢𝑢𝑁𝑁∗ ) − 𝐾𝐾𝑐𝑐′(𝑢𝑢𝑁𝑁∗ ) is small. This assumption is reasonable 
given our assumption associated with the Taylor expansion step, that punishment is not 
so extreme that it dramatically changes the effort and responsiveness of each parent 
relative to when there is no punishment. So, to simplify the following analysis, we let 
�1 − 𝜆𝜆1,2�𝐵𝐵′(𝑢𝑢𝑁𝑁∗ ) − 𝐾𝐾𝑐𝑐′(𝑢𝑢𝑁𝑁∗ ) ≈ 0 and focus on the other terms involving the punishment 
cost. An additional implicit assumption is that 𝜆𝜆1 − 𝜆𝜆2 ≈ 0, which is true if punishment 




one parent is matched by a decrease in responsiveness by the other parent, relative to the 
evolutionarily stable responsiveness in the original model. 
Using this simplifying step and solving the response rules simultaneously gives 
the negotiated level of effort for rank 2 when there is punishment:  
𝑢𝑢2 =  𝑢𝑢𝑁𝑁∗ +
�−𝐾𝐾𝑐𝑐′′ 𝐾𝐾𝑝𝑝′ �+𝐵𝐵′′(𝐾𝐾𝑝𝑝′−𝜆𝜆2𝐾𝐾𝑝𝑝′ )
𝐾𝐾𝑐𝑐′′�𝐾𝐾𝑐𝑐′′+𝐾𝐾𝑝𝑝′′�+𝐵𝐵′′(𝐾𝐾𝑝𝑝′′(𝜆𝜆2−1)+ 𝐾𝐾𝑐𝑐′′(𝜆𝜆1+𝜆𝜆2−2))
 (19a) 
The effort of rank 1 is solved analogously: 




Equation (19a) shows that rank 2 effort will increase relative to the negotiated effort with 
no punishment, 𝑢𝑢𝑁𝑁∗ , when the second term is positive, and decrease relative to 𝑢𝑢𝑁𝑁∗  when 
the second term is negative. Rank 1 will therefore benefit from punishing rank 2 when the 
second term in equation 19a is positive.  
Next, we consider what conditions allow the rank 1 to extract the most care from 
the rank 2, thereby gaining the greatest possible benefit from punishing. To do this, we 
compare the change in rank 2 effort, which is the second term in equation 19a, among 
different forms of punishment cost (Figure 4.1). If we assume, as in (16), that the benefit 
of care shows diminishing returns and that the costs of care are accelerating with 
increasing effort, then 𝐵𝐵′′ would be negative and 𝐾𝐾𝑐𝑐′′ would be positive. If 𝐾𝐾𝑝𝑝′  is positive, 
punishment increases with increasing rank 2 effort (Figure 4.1a,c), which we do not 
expect to be a biologically relevant punishment strategy. In support of this, rank 1 never 
benefits when 𝐾𝐾𝑝𝑝′′ is positive (Figure 4.1a), and only benefits under a narrow range of 




negative, i.e. the cost of punishment decreases with increasing rank 2 effort (Figure 
4.1b,d). When 𝐾𝐾𝑝𝑝′  is negative the numerator of Equation 19a will be positive, and if 𝐾𝐾𝑝𝑝′′ is 
positive, i.e. concave up (Figure 4.1b), then the denominator will be positive, and rank 2 
effort will increase. This results in an increase in rank 1 fitness. Alternatively, if 𝐾𝐾𝑝𝑝′  is 
negative then the numerator will be positive, and if 𝐾𝐾𝑝𝑝′′ is negative (as long as it is not 
large relative to 𝐾𝐾𝑐𝑐′′) (Figure 4.1d), then the denominator will be positive, and rank 2 
effort will increase once more. Not only that, it will increase more than when 𝐾𝐾𝑝𝑝′′ is 
positive, because the denominator of the increase in effort will be smaller. A greater 
increase in rank 2 effort would result in greater fitness gains by the rank 1. Therefore, 
assuming that selection can act on all these different shapes for the punishment cost 
function, when the relationship between punishment cost and rank 2 effort is decreasing 





Figure 4.1. The possible shapes of the function representing how rank 1 inflicts a punishment 
cost on the rank 2 as a function of rank 2 effort. 𝑲𝑲𝒑𝒑′  is the first derivative of the punishment cost 
function with respect to rank 2 effort, therefore a negative 𝑲𝑲𝒑𝒑′   indicates a decreasing function, 
while a positive 𝑲𝑲𝒑𝒑′  indicates an increasing function. 𝑲𝑲𝒑𝒑′′ is the second derivative with respect to 
rank 2 effort, therefore a negative value indicates a concave down function while a positive value 
indicates a concave up function. Shown are the different combinations of punishment types: a) 
concave up, increasing – punishment not effective; b) concave up, decreasing – punishment 
sometimes effective; c) concave down, increasing – punishment effective; d) concave down, 
decreasing – punishment effective. The punishment strategy of the rank 1 that maximizes fitness 
gains relative to when there is no punishment is when 𝑲𝑲𝒑𝒑′  and 𝑲𝑲𝒑𝒑′′ are both negative, indicating a 
decreasing, concave down function. 
Biologically, a negative 𝐾𝐾𝑝𝑝′   provides an incentive to rank 2 to increase its level of 
effort and escape punishment. A negative 𝐾𝐾𝑝𝑝′′, then, means that punishment by the rank 1 
decreases even more when the rank 2 increases its parental effort even more, which is 




Punishment will be favored by selection when the change in rank 1 fitness relative to the 
original model with no punishment is positive. The change in rank 1 effort is found by 
plugging in the final negotiated levels of effort from equations (19a,b) into the fitness 
function for rank 1 and comparing it to the fitness of rank 1 using negotiated effort when 
the punishment cost is 0. Assuming a negative 𝐾𝐾𝑝𝑝′ , we can show graphically that the 
change in fitness of the rank 1 is greatest when 𝐾𝐾𝑝𝑝′′ is negative (Figure 4.2). This analysis 






Figure 4.2. The change in fitness of rank 1, relative to when there is no punishment, when rank 1 
inflicts punishment on the rank 2 at different values of 𝑲𝑲𝒑𝒑′′ when all other parameters are held 
constant and 𝑲𝑲𝒑𝒑′  is negative (the function is decreasing). Negative 𝑲𝑲𝒑𝒑′′ values represent an 
accelerating reduction in punishment with increased rank 2 effort (concave down) and positive 
𝑲𝑲𝒑𝒑′′ represents a decelerating reduction in punishment with increased rank 2 effort (concave up). 
The fitness change of rank 1 is always positive under these conditions when 𝑲𝑲𝒑𝒑′  is negative and 
𝑲𝑲𝒑𝒑′′ is small relative to 𝑲𝑲𝒄𝒄′′. This indicates that under these conditions selection will favor 
punishment over no punishment, and concave down forms of punishment over concave up forms 
of punishment. 
4.3.6 Solution 2: How does punishment affect the response rules and negotiated levels 
of effort of the rank 1 and rank 2? 
 The above analysis reveals that when there are no costs to punishing, the higher-
ranking parent is predicted to inflict punishment according to the amount of effort the 
lower ranking parent provides, and the lower ranking parent is predicted to maintain a 
high level of effort to avoid more severe punishment. To illustrate the effect punishment 
has on the response rules and ES negotiated levels of effort, we add a punishment cost to 
the quadratic cost and benefit functions used in (17) and described above. These 
quadratic functions have the properties assumed in the general case, namely that the 
benefits of care show diminishing returns (for u1+u2 < 1) and the costs of care are 
accelerating: 
𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) = 2(𝑢𝑢1 + 𝑢𝑢2) − (𝑢𝑢1 + 𝑢𝑢2)2 (20) 
𝐾𝐾𝑐𝑐(𝑢𝑢1,2) = 𝑘𝑘𝑐𝑐𝑢𝑢1,22  (21) 
The above analysis also revealed that the greatest increase in rank 1 fitness compared to 
the classic negotiation with no punishment occurs when the punishment cost is a 
decreasing, concave down function. Thus, we set the cost of punishment as a decreasing, 




𝐾𝐾𝑝𝑝(𝑢𝑢2) = 𝑘𝑘𝑝𝑝𝑢𝑢22 + 1  (22) 
The punishment cost scaling parameter, kp, is negative, making this cost a downward-
facing parabola. We must also restrict the cost of punishment to be positive, as a negative 
punishment cost is not biologically realistic. We assume that the benefits of care show 
diminishing returns, which occurs in the range of 𝑢𝑢1 + 𝑢𝑢2 < 1, meaning 𝑢𝑢2 is always less 
than 1. Under this condition, the cost of punishment is always positive so long as the cost 
scaling parameter, 𝑘𝑘𝑝𝑝, is not less than -1. Note that a value of 1 for 𝑢𝑢1 + 𝑢𝑢2 can be 
thought of as the maximum total amount of effort that the offspring can receive from both 
parents. An upper limit on combined effort is realistic if, for example, the offspring 
become satiated and cease to benefit from increased care. 
If rank 1 does not pay a cost to punishment, using the specific cost and benefit functions, 
the fitness of rank 1 and rank 2 become:  
𝑊𝑊1(𝑢𝑢1,𝑢𝑢2) = 2(𝑢𝑢1 + 𝑢𝑢2) − (𝑢𝑢1 + 𝑢𝑢2)2 − 𝑘𝑘𝑐𝑐𝑢𝑢12 (23a) 
𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 2(𝑢𝑢1 + 𝑢𝑢2) − (𝑢𝑢1 + 𝑢𝑢2)2 − 𝑘𝑘𝑐𝑐𝑢𝑢22 − (𝑘𝑘𝑝𝑝𝑢𝑢22 + 1) (23b) 
As with the analysis of the general functions above, to find the optimal response rules for 
rank 1 and rank 2 given the responsiveness 𝜆𝜆1 of rank 1 and 𝜆𝜆2 of rank 2, we first replace 
𝑢𝑢2 with ?̂?𝑟2 (𝑢𝑢1) in equation (23a) and 𝑢𝑢1 with ?̂?𝑟1 (𝑢𝑢2) in equation (23b). Next we 
differentiate the fitness equations with respect to each individual’s own effort, set the 
result equal to 0, and solve for the effort of each parent as a function of the other parent’s 
effort. The solution to this is the effort of each parent as a function of partner effort, 













Because we defined 𝜆𝜆1 as the negative slope of the response rule of rank 1 and 𝜆𝜆2 as the 
negative slope of the response rule of rank 2, 𝜆𝜆1 and 𝜆𝜆2 are found by differentiating 









Solving for 𝜆𝜆1 and 𝜆𝜆2 in terms of 𝑘𝑘𝑐𝑐 and 𝑘𝑘𝑝𝑝 by simultaneously solving equations (25a) 
and (25b) and plugging those into 𝜆𝜆1 and 𝜆𝜆2 in equations (24a) and (24b) above gives the 
evolutionarily stable response rules for rank 1 and rank 2 in terms of partner effort and 
our cost scaling parameters 𝑘𝑘𝑐𝑐 and 𝑘𝑘𝑝𝑝. These equations are long and difficult to interpret 
visually, therefore they are not presented here. However, we can use them to determine 
which partner compensates more and which provides more effort, as described below and 





Figure 4.3. Negotiated response rules indicating the optimal level of effort as a function of 
partner effort for the rank 1, the rank 2, and both parents when there is no punishment. The slope 
of the rank 1 response rule when it can punish rank 2 is less than when there is no punishment, 
while the slope of the rank 2 response rule when it can be punished by rank 1 is greater than when 
there is no punishment. When there is punishment involved, the optimal level of effort for a given 
level of partner effort is always lower for the rank 1 than for the rank 2, except in the special case 
where partner care is at 1, where both rank 1 and rank 2 are predicted to provide no effort. 
Therefore, the rank 1 provides less effort and responds less to a change in partner effort when it 
can punish rank 2 than when there is no punishment, and the rank 2 provides more effort and 
responds more to a change in partner effort when it can be punished by rank 1 compared to when 
there is no punishment. 
In equations (25a) and (25b), 1 – 𝜆𝜆𝑖𝑖 occurs in the numerator and denominator, 
effectively canceling each other out and allowing us to focus on other terms. If 𝑘𝑘𝑐𝑐 is 
positive and −1 < 𝑘𝑘𝑝𝑝 < 0 (remembering that 𝑘𝑘𝑝𝑝 is a scaling parameter of a parabola 
such that the function 𝐾𝐾𝑝𝑝(𝑢𝑢2) is always positive under our assumptions), then 𝜆𝜆1 < 𝜆𝜆2 
and rank 2 compensates more than rank 1 for a change in their partner’s effort. At all 
values of partner effort, rank 1 is less responsive and provides less effort when using the 
negotiated rule in which it can punish rank 2 than when using the negotiated rule without 
punishment. In contrast, at all values of partner effort, rank 2 is more responsive and 




punished by rank 1 than when interacting with the negotiated rule without punishment 
(Figure 4.3). Finally, at all values of partner effort, rank 2 provides more effort than rank 
1, when rank 1 can punish rank 2. 
 The final, ES negotiated levels of effort for the rank 1 and the rank 2 are found by 
solving equations (24a) and (24b) simultaneously to get 𝑢𝑢1 and 𝑢𝑢2 in terms of 𝑘𝑘𝑐𝑐 and 𝑘𝑘𝑝𝑝. 
These final levels of effort can then be compared to the classic negotiation case where 
𝑘𝑘𝑝𝑝 = 0. We found that compared to the classic negotiation case, the final negotiated level 
of effort is lower for the rank 1 and higher for the rank 2 (Figure 4.4). 
 
Figure 4.4. Negotiated response rules as a function of rank 2 effort (rank 2 effort on the x-axis; 
rank 1 effort on the y-axis). The dotted lines represent the negotiated response rules of the rank 1 
and rank 2 when there is no punishment. Where the two dotted lines intersect represents the ES 




level of effort after negotiation. The solid lines represent the negotiated response rules when there 
is power and punishment.  Where the two solid lines intersect represents the ES negotiated levels 
of effort with punishment for the rank 2 and rank 1 (*). The arrow reveals that rank 1 provides 
less effort than when there is no punishment and the rank 2 provides more effort compared to 
when there is no punishment. 
4.3.7 How does punishment during parental negotiations affect the survival of the 
offspring? 
 We can show using general functions for costs and benefits that the rank 2 effort 
increases for certain punishment cost functions, and the rank 1 effort decreases in 
concert. The second terms in equations (19a) and (19b) show how much each parent’s 
effort changes relative to the case with no punishment. The changes in rank 1 and rank 2 
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 (26b) 
The change in total effort under punishment, then, is found by adding the changes in each 
parent’s effort: 




Given our assumptions about the shapes of the cost and benefit functions and with the 
condition that 0< |𝜆𝜆| <1, equation (27) is always positive. The total effort received by the 
offspring is greater in the case with punishment involved than the case with no 
punishment because the magnitude of the positive change by rank 2 is greater than the 
magnitude of the negative change by rank 1 (this can be seen in Figure 4.4 also). 




of rank 2 effort, then the total effort will increase as 𝐾𝐾𝑝𝑝′′ gets more negative, assuming 𝐾𝐾𝑝𝑝′′ 
is small relative to 𝐾𝐾𝑐𝑐′′ (Figure 4.5). Therefore, assuming that selection can act on all 
these different shapes for the punishment cost function, when the relationship between 
punishment cost and rank 2 effort is decreasing and concave down (Figure 4.1), the 
offspring will benefit in terms of fitness. 
 
Figure 4.5. The change in total effort received by offspring relative to when there is no 
punishment when rank 1 inflicts punishment on the rank 2 at different values of 𝑲𝑲𝒑𝒑′′ when all 
other parameters are held constant and 𝑲𝑲𝒑𝒑′  is negative (the function is decreasing). Negative 𝑲𝑲𝒑𝒑′′ 
values represent decelerating punishment with decreased rank 2 effort (concave down) and 
positive 𝑲𝑲𝒑𝒑′′ represents accelerating punishment with decreased rank 2 effort (concave up). The 




compared to the case with no punishment, indicating that under these conditions offspring will 
benefit. 
4.4 Discussion 
In the original negotiation model, (16) show that when parents undergo a 
negotiation, they will partially compensate for a change in partner effort, but each parent 
provides less effort than when there is no negotiation and effort is fixed. Because the 
combined negotiated level of effort is less than the combined fixed level of effort, the 
offspring receive less total effort when their parents negotiate and in some cases are 
better off with one parent than with two (17). Here we extend this model to show that 
when there is an asymmetry in power such that rank 1 can inflict a cost on the rank 2 in 
response to rank 2’s level of effort, it results in greater rank 2 effort and less rank 1 effort 
than the original negotiation model (this study; (16). As in the original negotiation model, 
when there is power and punishment, a change in partner effort results in partial 
compensation, but the degree of compensation is asymmetric: the rank 2 compensates 
more than the rank 1 for a change in partner effort. Because the increase in rank 2 effort 
outweighs the decrease in rank 1 effort relative to a negotiation with no punishment, our 
model shows that the offspring do better, i.e. receive more total effort, when there is 
power and punishment in negotiations. When we relax the assumption that there is no 
cost to punishing, such that the rank 1 incurs a cost from punishing, proportional to the 
cost inflicted, the results are not qualitatively different (see Appendix A). 
The increase in offspring fitness relative to the original negotiation model results 
from the rank 2 compensating more and providing more effort after negotiation when 




and final negotiated effort by the rank 1. Because offspring benefit from power and 
punishment, and thus in having the more powerful parent underestimate partner effort, 
offspring strategies that influence power dynamics between their parents might evolve. 
For example, selection might favor offspring that misrepresent to parent 1 the level of 
care that they have received from the parent 2, to elicit punishment of parent 2 by parent 
1 and elicit greater levels of care from parent 2. Offspring begging behavior provides a 
mechanism by which offspring can influence parental behavior, which could be selected 
upon as a means to incite punishment between parents if offspring need serves as a signal 
of partner effort (11).  
In this model, although rank 2 has lower fitness than a parent not under the threat 
of punishment, the rank 2 is in fact doing the best it possibly can, because if it reduces its 
effort it will face the cost of being punished by the rank 1 and thus is favored to cooperate 
and maintain a high level of effort. The rank 2 then is the only loser in negotiations with 
power and punishment. Whether exploitation of the rank 2 will persist over evolutionary 
time in a particular system is unclear, however, as the rank 2 may evolve strategies to 
avoid punishment or regain power. For example, mate choice may allow individuals to 
choose partners that are less willing or able to inflict punishment. Indeed, although 
females are predicted to prefer dominant males as mates when those males can provide 
higher quality resources, many examples exist of females choosing subordinate males 
(22) or assortatively mating (23). 
The results of this model fit into a series of alternative models that might help explain the 




predictions that might be used to discriminate among models for how parents should 
respond to a change in partner effort (Table 1). The first in this series of models assumes 
that effort is a ‘sealed bid’ and predicts that parents do not change their effort in 
behavioral time but respond only over evolutionary time to changes in partner effort 
(Table 1, H0; (15). Such a ‘sealed bid’ model is relevant to systems where it is difficult to 
assess partner effort, where there are constraints on the ability to respond, or where 
negotiation takes place at a different stage of partner interaction, for example as part of 
courtship or during a previous breeding bout (15,24,25). If, on the other hand, individuals 
vary in quality and can observe each other’s efforts, then a negotiated outcome should be 
favored over a ‘sealed bid’, giving us the prediction that parents will partially compensate 
for changes in partner effort (Table 1, H1; (16).  
An important social context that can influence negotiations is the amount of information 
each parent has about the offspring (19). When one parent is more informed about 
offspring need, the less informed parent may be assessing the more informed parent’s 
effort to determine the needs of the offspring. If this is the case, the more informed parent 
is predicted to partially compensate for its partner, while the less informed parent, in 
contrast to the predictions of the original negotiation model, matches the response of its 
partner (Table 1, H2; (19). Our model incorporating asymmetric power into the 
negotiation model reveals that if one parent is able to punish their partner for a change in 
effort, this results in an asymmetric response by the two parents, with greater effort and 
compensation by the less powerful parent and lower effort and compensation by the more 




Table 4.1. Alternative hypotheses/models for factors that will influence negotiations over 
parental care, and predicted changes in parental effort that will occur in response to an 
experimental increase in effort of one parent. The symbol ↑ indicates an increase, – indicates no 
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parent effort  ↓ 
Matching 
Less powerful  
parent effort ↑↑ 
Greater compensation 
 
Empirical tests of model predictions generally involve experimentally 
handicapping one pair member to reduce its parental effort and measuring the response of 
its partner. A meta-analysis of 54 such studies in birds revealed that partial compensation 
is the mean response, providing evidence for the original negotiation model (21) but not 
discriminating among the alternative hypotheses (Table 1). Our model incorporating 
power and punishment also predicts partial compensation. However, when there is power 
and punishment, the predictions can be discriminated from those of the original 
negotiation model in two key ways: first, that the rank 1 will compensate less than the 
rank 2, and second, when the rank 2 reduces its effort, the rank 1 will inflict punishment. 
Therefore, existing methods to test for negotiations can also be used to look for evidence 
of the role of power and punishment simply by recording punishment or threat displays in 
addition to parental effort. Exploring systems where there is the potential for strong, 




found in social fishes (26,27), meerkats (28), and naked mole-rats (29), may be a good 
place to start testing our model.  
We further suggest that our model provides an alternative hypothesis that can be 
explored when empirical results are not fully explained by the original negotiation model 
alone, and two examples serve to demonstrate the point. First, when males and females 
differ in the magnitude of their compensatory response (e.g., (24,25,30), this is not 
consistent with the predictions of original negotiation model, but it is consistent with the 
idea of there might be a power differential between the sexes and the predictions of this 
model. Second, when there differences among partners in their responses to handicapping 
(e.g., (25,31), this is not consistent with the predictions of the original negotiation model, 
but a lesser response to handicapping by one parent might reflect the fact that it faces a 
punishment cost if it were to reduce its care further.  
Interestingly, a study by Awata and Khoda (2004) demonstrated that in the cichlid 
Julidochromis ornatus, pairs mate assortatively for size and the size difference between 
parents predicted the amount of care provided by each pair member, such that the smaller 
parent provided the majority of care regardless of if it was the male or the female. The 
authors hypothesized that this result was due to power asymmetries between different 
sized individuals, as larger individuals were socially dominant and aggressive toward 
their smaller partners. The model presented here provides a theoretical basis for this 





Considering the role of power and punishment is critical to our understanding of 
how negotiations operate, as these power dynamics have the potential to influence the 
way parents respond to each other and thus how much care is provided to the offspring 
and by whom. This in turn could influence the evolution of parent and offspring traits to 
avoid or incite punishment. Furthermore, asymmetries in power between parents under 
conflict are likely to be universal. Males and females are often markedly different in size 
(32–34) or the presence of ornaments and armaments (35,36), which have the potential to 
give one parent physical power over the other. Even in the absence of sex differences, 
among-individual differences in traits such as aggression have been widely documented 
(1,37), and thus could result in power asymmetries between parents. Our model shows 
that if a power asymmetry exists, the rank 1 can gain fitness benefits by inflicting 
punishment, suggesting that if a parent can exert its power, it should. Explicit tests across 
different social systems based on predictions about who has power are still necessary to 
determine whether power and punishment influence the outcome of negotiations. 
Tests of negotiations that consider power asymmetries alongside alternative 
models of negotiations can provide insight into the diversity of observed outcomes of 
negotiations. However, these models are not necessarily mutually exclusive. For 
example, if there is an asymmetry in power and information, the relative strengths of the 
two factors may determine the outcome of negotiation, revealing the need for models that 
incorporate both power and information into the negotiation framework. Furthermore, we 
assumed that one parent had complete control over the other, however it is possible that 




some state variable such as size. In addition to physical power, any ability one sex has to 
influence the behavior of the other can alter power dynamics over parental care, including 
concealed ovulation by females to confuse paternity (38,39), genomic imprinting (40), or 
control of partner mating rate (41), yet how these types of power differences influence 
parental negotiations is still an open question. Combining our results with empirical tests 
of alternative models will further improve our understanding of how parents resolve 
conflict over care, ultimately helping to explain empirical patterns of care within and 
among species. 
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Negotiations Over Offspring Care: A Test of Alternative Hypotheses Using the 
Clown Anemonefish 
5.1 Abstract 
 In species with biparental care, conflict arises over how much each parent 
provides to their offspring because both benefit from shifting the burden of care to the 
other. Here, we tested alternative models for how parents negotiate offspring care using a 
wild population of clownfish (Amphiprion percula). Using 60 breeding groups, we 
experimentally handicapped parents by fin-clipping the female in 20 groups, the male in 
20 groups, and neither parent in 20 groups and measured changes in female, male, and 
pair combined effort in response to handicapping. First, we found that handicapping 
resulted in a decrease in the number of eggs laid by fin-clipped females and a decrease in 
the amount of parental care by fin-clipped males. Second, contrary to predictions, female 
effort did not change in response to the male being handicapped, or vice versa. Finally, 
the number of embryos that matured to hatching, an indicator of pair effort, was not 
influenced by the manipulation, suggesting that although the handicap was effective, 
clownfish do not face the predicted “cost to conflict” when one parent is handicapped. 
Together, these results question the generality of current theoretical predictions and 
expand our understanding of the diverse possible outcomes of parental conflict. 
5.2 Introduction 
 Conflict is a pervasive feature of nearly every social interaction. Conflicts arise 




interaction between individuals that are not genetically identical involves evolutionary 
conflict, yet many social interactions require individuals to reach some compromise 
(Trivers 1972; Clutton-Brock 2009). Biparental care is a striking illustration of this: it 
represents a coordinated outcome to an interaction that is rife with conflict (Houston et al. 
2005). In species with biparental care, with the exception of rare cases of exclusive 
lifelong monogamy, conflict arises because both parents benefit from shifting the burden 
of care to the other and reaping the benefits of care without paying the costs (Parker et al. 
2002). How do parents coordinate their efforts to resolve conflict and successfully raise 
offspring? Answering this question is critical to understanding how and why parents 
provide costly parental care. 
Game theory models have been widely used in understanding the evolutionary 
outcome of conflict between parents over care because game theory can be used to model 
the outcome of behavioral interactions when the fitness of one individual depends on 
what other individuals are doing (Maynard Smith 1977). Over the past several decades, a 
series of game theory models have provided predictions for how much effort each parent 
should invest in raising the current offspring (Houston & Davies 1985; McNamara et al. 
1999; Johnstone & Hinde 2006; Johnstone et al. 2014; Barbasch et al. 2020). These 
models find the evolutionarily stable (ES) levels of effort that maximize a parent’s 
fitness, given the ES level of effort provided by its partner. The first in this series of 
models, developed by Houston & Davies (1985), assumed that each parent’s investment 
is a ‘sealed bid,’ i.e. parents make a single decision over how much effort to provide with 




predicted to respond to selection over evolutionary time, but are fixed in ecological time. 
However, such a sealed bid is not evolutionarily stable because an individual that can 
modify its behavior will be able to exploit its partner’s fixed response (McNamara et al. 
1999).  
A seminal model developed by McNamara et al. (1999) allows parents to respond 
to each other’s effort to reach a negotiated settlement over the amount of care to provide. 
The model predicts that if parents are negotiating based on their partner’s effort, an 
individual should respond to its partner by partially compensating for a change in partner 
effort, i.e. adjusting its effort by a smaller amount in the opposite direction (McNamara et 
al. 1999). Partial compensation rather than full compensation is predicted because it 
prevents the other parent from reducing its effort to take advantage of the response of its 
partner, resulting in a “cost of conflict.” Empirical tests to determine whether parents are 
negotiating their level of effort often involve experimentally handicapping one member 
of a pair and measuring the behavioral response of the other pair member. A meta-
analysis of 54 handicapping studies in birds revealed that partial compensation for 
changes in partner effort is the mean response, providing support for the hypothesis 
formalized by McNamara et al. (1999), but also revealed a lot of variation in the response 
(Harrison et al. 2009). Indeed, across species responses to changes in partner effort range 
from no compensation (e.g. Sanz et al. 2000; Schwagmeyer et al. 2002) to matching (e.g. 
Hinde 2005; Lendvai et al. 2018) and even full compensation (e.g. Wiebe 2010). 
Furthermore, in some cases males and females responded differently to changes in 




empirical patterns within and across species, more recent models have incorporated 
additional factors that might influence the outcome of negotiations between caring 
parents, showing that predictions can differ dramatically depending on the social context 
in which the negotiations occur (Johnstone & Hinde 2006; Johnstone et al. 2014; 
Barbasch et al. 2020). 
One important social context that can influence the outcome of negotiations is the 
amount of information each parent has about the offspring (Johnstone & Hinde 2006). 
For example, when one parent is more informed about offspring need, the less informed 
parent may be assessing the more informed parent’s effort to determine the needs of the 
offspring. If this asymmetry in information is large, the more informed parent is predicted 
to partially compensate for its partner, while the less informed parent is predicted to 
match the response of its partner (Johnstone & Hinde 2006). Information can be 
considered a form of power because the better-informed parent has some control over its 
partner’s assessment of offspring need. Asymmetries in physical power, the ability to 
control the outcome of conflict, also have the potential to influence the outcome of 
negotiations between caring parents. When one parent is able to punish the other parent 
for changes in effort, both parents are predicted to partially compensate for changes in 
partner effort, but the degree of compensation is asymmetric, such that the less powerful 
parent compensates more than the more powerful parent, and the more powerful parent 
punishes its partner for reductions in effort (Barbasch et al. 2020). These two models 
focus on asymmetries between caring parents. However, a model of joint investment by 




from a simple form of reciprocity. The model predicts that a pair should take turns 
provisioning their young because by alternating visits, a change in the rate of visitation 
by one parent ensures an equal change in the rate of the other (Johnstone et al. 2014). 
This series of models has guided empirical research by providing predictions for how 
parents should respond to changes in partner effort, yet tests of negotiations have 
typically focused on a single hypothesis (with some notable exceptions, e.g., Meade et al. 
2011), and have been conducted almost exclusively in birds (with some notable 
exceptions e.g., Steinegger & Taborsky 2007; Suzuki & Nagano 2009; Creighton et al. 
2015). 
Here, we test the entire suite of plausible alternative hypotheses for the factors 
that govern negotiations using a wild population of clown anemonefish (Amphiprion 
percula). Anemonefish form monogamous breeding pairs that may raise offspring 
together tens or even hundreds of times (Buston 2004; Buston & Elith 2011), providing 
an extended context in which negotiations can take place. Females will lay up to three 
clutches of eggs per month and both parents provide care for the eggs for seven days until 
hatching, by tending to the nest and fanning the eggs with their fins to oxygenate them 
(Barbasch & Buston 2018). Female size is positively related to the number of eggs laid, 
while male tending is positively related to embryo survival (Barbasch et al. in review), 
demonstrating that female investment in egg laying and male investment in care influence 
pair reproductive success. Furthermore, reproduction and parental care in A. percula 
show substantial plasticity in response to the availability of food resources (Barbasch & 




capable of adjusting their investment in reproductive and parental traits in response to 
their partner’s behavior (McNamara et al. 1999). Although both parents provide tend to 
the eggs, males spend an order of magnitude more time tending than females (Barbasch 
& Buston 2018), which may create an informational asymmetry where the male is better 
informed about offspring needs (Johnstone & Hinde 2006). Additionally, A. percula form 
a size-based dominance hierarchy, with the female being largest and dominant over the 
male (Buston 2003a), which likely creates a power asymmetry where the female has 
greater control over who provides care to the offspring (Barbasch et al. 2020). However, 
because A. percula form long-term monogamous pairs (Buston 2004), parents may 
benefit from adopting strategies, such as conditional cooperation, that allow a more 
cooperative resolution to conflict (Johnstone et al. 2014).  
A. percula therefore provides a unique opportunity to test the suite of plausible 
alternative hypotheses for how parents negotiate offspring care. Specifically, we test four 
alternative hypotheses (Table 1): 1) Parental effort is fixed in behavioral time (H0; 
Houston & Davies 1985); 2) Parental effort is negotiated based on partner effort alone 
(H1; McNamara et al. 1999); 3) Parental effort is negotiated with an information 
asymmetry (H2; Johnstone & Hinde 2006); 4) Parental effort is negotiated with a power 
asymmetry (H3; Barbasch et al. 2020); 5) Parental effort is negotiated with a simple form 
of reciprocity (H4; Johnstone et al. 2014). To test these hypotheses, we perform a 
handicapping manipulation using fin-clipping, analogous to the feather-clipping 
manipulations commonly used in birds (Harrison et al. 2009), and determine the effect of 




and its partner. Specifically, we predict that being fin-clipped will result in a reduction in 
female and male parental effort. Alternative hypotheses can then be discriminated based 
on whether and how parents respond to their partner being handicapped (Table 1). To 
discriminate whether parents are partially and not fully compensating for changes in 
partner effort, and thus facing a “cost of conflict” (McNamara et al. 2003), we predict 
that the number of embryos that mature to hatching, an indicator of combined pair effort, 
will be lower when one parent is handicapped relative to the controls. The results of this 
study provide the first test of this suite of alternative hypotheses, extending our 
knowledge of how negotiations operate to a new taxon with biparental care, and 
ultimately helping to explain empirical patterns of care within and across taxa. 
Table 5.1. Alternative hypotheses for factors that will influence negotiations over parental care, 
and predicted changes in parental effort that will occur in response to an experimental decrease in 
effort of one partner in clownfish. The symbol ↑ indicates an increase, – indicates no change and 
↓ indicates a decrease in parental effort is predicted. The ↑↑ indicates greater compensation by the 



































effort   
↓ 
  
Male effort  ↓ Female 




effort   
↑ 
Female 
effort   
↓  
Female 












5.3.1 Study Population 
Fieldwork was conducted on nine discrete platform reefs near Mahonia Na Dari 
Research and Education Center in Kimbe Bay, Papua New Guinea (5.1666667°S 
150.5°E) using SCUBA. These reefs support a population of over 100 groups of A. 
percula living within magnificent sea anemones Heteractis magnifica. The study was 
conducted over two and a half lunar months and consisted of two weeks of preparation, 
one lunar month of data collection pre-manipulation (June 13 – July 11, 2018), and one 
lunar month of data collection post-manipulation (July 12 – August 11, 2018). Lunar 
months were used rather than calendar months because pairs breed on a lunar schedule in 
the wild (Buston & Elith 2011; Seymour et al. 2018). From June 1 to June 12, 2018, 69 
breeding groups of A. percula were located and marked with numbered tags for 
identification. Over the course of the study period, 4-5 reefs were surveyed each day, 
such that all 69 groups were visited every other day.  
5.3.2 Parental Size Measurements 
To control for any effect of parental size on investment, the standard length of the 
female (FSL) and male (MSL) were measured. The female and male from each group 
were captured using hand nets before the start of the experiment (week of June 1, 2018) 
and following the end of the experiment (week of August 11, 2018). The color pattern of 
each fish was photographed to identify individuals and confirm that they survived and did 




The standard length of each female and male was measured to the nearest 0.1 mm using 
calipers, and the average of these two standard length measurements provided an estimate 
of body size for each female and male within a group. 
5.3.3 Fin Clipping Manipulations 
To determine if pairs are negotiating their parental effort, parents were assigned 
one of three treatments: female handicapped (FH), male handicapped (MH), or control 
(C). To control for variation among groups that could potentially influence parental 
responses to manipulation, assignment to treatment was randomly stratified by distance 
from shore and reef ID (n = 24 pairs on 3 inshore reefs; n = 45 pairs on 6 offshore reefs) 
and the number of clutches laid in the first experimental month (n = 16 pairs with 1 
clutch; n = 42 pairs with 2 clutches; n = 11 pairs with 3 clutches). 
In the first week of the manipulation period (week of July 11), just after the new 
moon when groups are not breeding (Seymour et al. 2018), females and males in the FH 
and MH treatments, respectively, were captured using hand nets and slowly brought to 
the surface in plastic bags filled with seawater. Control fish were exposed to a sham 
capture to control for any effects of the catching process on the non-handicapped fish. 
Each of the experimental fish had a small portion of both their pectoral fins and caudal 
fin removed using precision scissors (Dr. Slick Co., Belgrade, MT). Each fin was 
measured before and after the portion was removed. On average, females had 5.2mm of 
each fin removed, and males had 4.5mm of each fin removed, such that both females and 
males had approximately 40% of each fin removed as a handicap. All individuals were 




swimming within its anemone. All individuals appeared to resume normal swimming 
behavior within a short (<1 min) period.  
5.3.4 Reproduction 
We used mixed effects models to determine how males and females respond to 
the feeding manipulation in reproduction and parental effort, while controlling for other 
factors that might confound our results. Specifically, we fit four mixed effects linear 
models. The response variables of the models were: time tending, time to lay first clutch 
of the month, number of eggs laid per clutch, and proportion of embryos in each clutch 
that survived to day of hatching. In each model we included pre/post manipulation, sex, 
the type of manipulation (focal individual fed or partner fed or control), and their three-
way interactions. The interactions between pre/post manipulation, sex, and type of 
manipulation will thus reveal how an individual’s response differs based on its sex and 
type of manipulation. We statistically controlled for other variables that might confound 
the results by including as covariates: month, size, and growth. We introduced group ID 
as a random effect, to account for the lack of independence among multiple measures of 
parents from the same group. 
5.3.5 Parental Care 
To determine the effect of handicapping on parental care, 29 minute videos were 
taken of parental behavior early (day 3 or 4) and late (day 6 or 7) in development by 
setting up a tripod with an underwater camera (Olympus Tough TG-870) centered on the 




Daniel 2007). The first 12 minutes of video served as an acclimation period, the 
following 15 minutes used for data collection, and the final 2 minutes were discarded 
from analysis to minimize any effect of approaching researchers at the end of the 
recordings. Parental care was recorded as time tending, i.e. the amount of time an 
individual spent within one body-length of the clutch, as tending behavior shows 
plasticity in both parents (Barbasch & Buston 2018). Behavior was scored separately for 
the female and male of each pair and the time spent tending served as measures of female 
and male parental care, respectively.  
5.3.6 Parental Effort 
The reproduction and egg care data were used to quantify parental effort. The 
number of eggs laid per clutch, the number of eggs laid per month, and the female time 
spent tending were used as indicators of female parental effort. The number of eggs laid 
was considered a measure of female effort as egg production is thought to be costly for 
females (Williams 1966) and because egg production is related to female size (Barbasch 
et al. in review). Male time spent tending and embryo survival (the proportion of eggs 
laid per clutch that survived to day 6 or 7) were used as indicators of male parental effort. 
Embryo survival was used as an indicator of male effort because the proportion of 
embryos surviving in a clutch has been shown to be associated with male parental care 
(Barbasch et al. in review). Finally, the number of embryos maturing to day 6 or 7 per 
clutch and per month were used as indicators of the pair’s combined effort, because they 
have been shown to be associated with the number of eggs laid, female and male time 




were used to determine first, the effect of the manipulation on the parental effort of the 
handicapped individual, second, the effect of the manipulation on the parental effort of 
the handicapped individual’s partner, and third, the effect of the manipulation and of the 
resulting changes in parental effort on pair effort. 
5.3.7 Punishment 
To assess how the manipulation influenced punishment (Table 1; H3), the videos 
of egg care also provided observations of aggression. In each video, the number of 
aggressive behaviors (bites, chases) and the identity of the aggressor were recorded 
(Wong et al. 2013). The number of aggressive behaviors by each individual per month 
was used to quantify degree of punishment, and compared across treatment groups. 
5.3.8 Statistical Analysis: Models for Female Effort 
First, to determine the effect of the manipulation on female parental effort, three 
models were fit with the following response variables representing female parental effort: 
1) number of eggs laid per clutch, 2) number of eggs laid per month, and 3) female time 
tending. The number of eggs laid per clutch and per month were fit with a Poisson error 
distribution, controlling for overdispersion using an observation level random effect. 
Time tending was fit with Gaussian error distribution. Individual ID was fit as a random 
effect in all models, to control for repeated measures with the same individual. Treatment 
(FH, MH, Control), Month (Pre-manipulation, Post-manipulation), and their interaction 
were fit as predictors/independent variables. Because response variables were measured 




effort changes in response to the handicapping of the female or male relative to the 
control. 
For the models of number of eggs laid, we included FSL to control for effects of 
female size on egg laying (Buston & Elith 2011; Barbasch et al. 2020). FSL was included 
because it cannot be considered a response to manipulation. For the model of female time 
tending we included clutch age (early/young or late/old) to control for effect of clutch age 
on parental care (Barbasch & Buston 2018). The number of eggs laid was also included 
as a covariate to determine whether there is an effect of the manipulation on female 
tending, above and beyond that accounted for by number of eggs laid. [The model of 
female time tending was assessed without number of eggs laid to determine if there was 
an overall effect of manipulation on female care, without controlling for the effects of 
number of eggs laid (see Appendix B)]. 
5.3.9 Statistical Analysis: Models for Male Effort 
Second, to determine the effect of the manipulation on male parental effort, 
models were fit with two response variables representing male parental effort: 1) male 
time tending, and 2) embryo survival (proportion of embryos surviving per clutch). Time 
tending was fit with a Gaussian error distribution and embryo survival, a proportion, was 
fit with a binomial error distribution. Individual ID was included as a random effect. 
Treatment (FH, MH, Control), Month (Pre-manipulation, Post-manipulation), and their 
interaction were fit as predictors/independent variables. 
For the model of male time tending, clutch age (early/young or late/old) was 




the number of eggs laid, as male time tending is strongly associated with the number of 
eggs laid (Barbasch et al. 2020). When the number of eggs is included, the model asks 
whether there is an effect of the manipulation on male tending above and beyond that 
accounted for by number of eggs laid. Similarly, the model for embryo survival was run 
with male tending as a covariate, as male tending has been shown to be associated with 
embryo survival (Barbasch et al. in review). When this covariate is included, the model 
assesses whether there is an effect of the manipulation on embryo survival above and 
beyond the effects of male time tending to the eggs. [The models for male tending and 
embryo survival were also run without number of eggs laid and male tending as 
covariates, respectively (see Appendix B)]. 
5.3.10 Statistical Analysis: Models for Pair Effort 
Third, to determine the effect of the manipulation on indicators of pair effort, 
models were fit with two response variables: 1) number of embryos maturing per clutch, 
and 2) number of embryos maturing per month. The number of embryos maturing per 
clutch and per month were fit with Poisson error distributions. The models were fit with 
an observation level random effect to control for overdispersion. Individual ID was also 
included as a random effect. Treatment (FH, MH, Control), Month (Pre-manipulation, 
Post-manipulation), and their interaction were fit as predictors/independent variables. 
Both models were assessed with covariates number of eggs laid and male time tending to 
determine whether there is an effect of the manipulation on pair effort, above and beyond 




also fit without these covariates to determine the overall effect of the manipulation on 
pair effort (see Appendix B)]. 
5.4 Results 
In total, 196 clutches were laid during the two lunar months of the study. Each 
clutch had an average of 318 (+/- 150 SD) eggs and an average of 216 (65%) of the eggs 
laid per clutch survived to day 6 or 7. On average, females spent 2.0 (+/- 1.7 SD) minutes 
and males spent 11.1 (+/- 2.8 SD) minutes tending to the eggs. Out of 409 15-minute 
observations of parental behavior, only ten instances of aggression were recorded from 
the videos, by seven different females, with no detectable differences in the number of 
aggressive interactions by month or treatment (Control: n = 1 pre-manipulation, n = 0 
post-manipulation; FH: n = 2 pre-manipulation, n = 1 post-manipulation; MH: n = 2 pre-
manipulation, n = 4 post-manipulation), thus punishment was not investigated further. 
Adult mortality was low, with only two males missing at the end of the study period, one 
from the control group and one from the MH treatment group. 
5.4.1 Female Effort 
The model of number of eggs laid per clutch revealed the effects of FSL, 
treatment, month, and the interaction of treatment and month on female egg laying per 
clutch. There was a significant positive effect of FSL on number of eggs laid per clutch 
(FSL: Coefficient = 0.06, z-value = 6.54, p-value <0.0001), indicating that females lay 6 
percent more eggs per clutch for every 1mm increase in standard length. There was also 
an overall effect of month on the number of eggs laid per clutch (Month(post-pre): 




(post-manipulation) females laid 25 percent more eggs per clutch than in the first month 
(pre-manipulation). The effect of the handicapping is captured in the interaction between 
treatment and month. The interaction between treatment and month was not significant, 
indicating that the number of eggs laid per clutch by females did not change in response 
to the female being handicapped (FH*Month: Coefficient = -0.06, z value = -0.64, p-
value = 0.52) or in response to the male partner being handicapped (MH*Month(post-
pre): Coefficient = 0.08, z value = 0.81, p-value = 0.42), relative to control females 
(Figure 5.1a). 
The model of number of eggs laid per month revealed the effects of FSL, 
treatment, month, and the interaction of treatment and month on female egg laying per 
month. There was a significant positive effect of FSL on number of eggs laid per month 
(Coefficient = 0.06, z-value = 4.28, p-value < 0.0001), suggesting that as for the number 
laid per clutch, females laid 6 percent more eggs per month for each additional 1mm in 
standard length. There was also a significant effect of month on the number of eggs laid 
per month (Month(post-pre): Coefficient = 0.40, z value = 2.59, p-value = 0.01), 
indicating that females laid 49 percent more eggs per month post-manipulation than pre-
manipulation. The interaction between treatment and month was marginally significant 
when the female was handicapped (FH*Month(post-pre): Coefficient = -0.42, z-value = -
1.92, p-value = 0.05), indicating that the change in number of eggs laid per month by 
handicapped females was 34 percent less than the change in the number laid by control 
females (Figure 1b). However, the interaction between treatment and month was not 




z-value = -0.02, p-value = 0.98), indicating that relative to control females, females did 
not change number of eggs laid per month in response to the male being handicapped 
(Figure 5.1b). 
The model for female time tending with the covariate number of eggs laid 
revealed that there was no significant overall effect of number of eggs laid (Coefficient = 
-0.0001, df = 195, t-value = -0.32, p-value = 0.75) on female time tending. There was a 
significant effect of clutch age on female tending (old-young: Coefficient = 0.74, df = 
286, t-value = 4.99, p-value < 0.0001) indicating that females spent 44 percent more time 
tending for late/old clutches (day 6 or 7) compared to early/young clutches (day 3 or 4). 
The interaction between treatment and month controlling for the effect of number of eggs 
laid was not significant, indicating that, relative to the controls, female tending did not 
change in response to female handicapping (FH*Month(post-pre): Coefficient = -0.48, df 
= 310, t-value = -1.26, p-value = 0.21) or male handicapping (MH*Month(post-pre): 





Figure 5.1. Effect of handicapping on female effort. Boxplots show the median and first and third 
quartiles for the control (solid boxes), female handicapped (FH, dotted boxes), and male 
handicapped (MH, dashed boxes) groups in pre-manipulation month and post-manipulation 
month for a) number of eggs laid per clutch, b) number of eggs laid per month, and c) female 
time tending. Fitted lines were generated from predicted values from the generalized linear mixed 
models with treatment (FH, MH, and Control), manipulation month (pre and post), and their 
interaction as fixed effects and individual ID as a random effect. The models for the lines 
generated in a) and b) were fit with female standard length as an additional covariate, and the 
model for the lines generated in c) was fit with clutch age (early/late) and number of eggs laid per 




5.4.2 Male Effort 
The model for male time tending revealed reveals the effects of number of eggs 
laid, clutch age, treatment, month, and the interaction between treatment and month on 
male parental care. The number of eggs laid was a significant predictor of male time 
tending (Coefficient = 0.006, df = 176, t-value = 5.05, p-value < 0.0001), indicating that 
male tending increases by 0.1 percent for every additional egg laid. There was also a 
significant effect of clutch age on male time tending (late-early: Coefficient = 2.17, df = 
294, t-value = 9.51, p-value < 0.0001), indicating that males spent 26 percent more time 
tending for old clutches compared to young clutches. There was no significant effect of 
month on time tending (Post-pre: Coefficient = 0.65, df = 323, t-value = 1.60, p-value = 
0.11). However, when controlling for the number of eggs laid, there was a significant 
interaction between month and treatment when the male was handicapped 
(MH*Month(post-pre): Coefficient = -1.27, df = 320, t-value = -2.19, p-value = 0.03) but 
not when the female was handicapped (FH*Month(post-pre): Coefficient = -0.70, df = 
320, t-value = -1.18, p-value = 0.24), indicating that males reduce their time tending by 
16 percent relative to the control group when the male himself is handicapped, but do not 
significantly change their time tending relative to the controls when his female partner is 
handicapped (Figure 5.2a). 
The model for proportion of embryos surviving per clutch with the covariate male 
time tending reveals a significant effect of male time tending on embryo survival 
(Coefficient = 0.30, z value = 4.90, p-value < 0.0001), indicating that for every additional 




factor of 1.35. There was no significant effect of month on embryo survival (Post-pre: 
Coefficient = 0.57, z-value = 0.77, p-value = 0.44). Additionally, the interaction between 
treatment and month was not significant, indicating that relative to the controls, the odds 
of embryo survival, after controlling for the effects of male tending, did not change 
significantly post-manipulation in response to female handicapping (FH*Month(post-
pre): Coefficient = -0.42, z value = -0.53, p-value = 0.59) or to male handicapping 






Figure 5.2. Effect of handicapping on male effort. Boxplots show the median and first 
and third quartiles for the control (solid boxes), female handicapped (FH, dotted boxes), and male 
handicapped (MH, dashed boxes) groups in pre-manipulation month and post-manipulation 
month for a) male time tending, and b) proportion of embryos surviving per clutch. Fitted lines 
were generated from predicted values from generalized linear mixed models with treatment (FH, 
MH, and Control), manipulation month (pre and post), and their interaction as fixed effects and 
individual ID as a random effect. The model for the lines fit in a) included number of eggs laid 
and clutch age as additional covariates. Points represent outliers. 
5.4.3 Pair Effort 
The model for number of embryos maturing per clutch with the covariates number 




number of eggs laid per clutch (Coefficient = 0.003, z-value = 7.99, p-value < 0.0001) 
and of male time tending (Coefficient = 0.12, z-value = 5.76, p-value < 0.0001) on the 
number of embryos maturing per clutch. There was no significant effect of month on the 
number of embryos maturing per clutch (Coefficient = 0.12, z-value = 0.94, p-value = 
0.35). Additionally, there was no significant interaction between treatment and month, 
indicating no effect of female handicapping (FH*Month(post-pre): Coefficient = -0.106, 
z-value = -0.568, p-value = 0.57) or male handicapping (MH*Month(post-pre): 
Coefficient = -0.004, z-value = -0.22, p-value = 0.98), after controlling for the effects of 
the number of eggs laid and male time tending (figure 5.3a). 
The model for the number of embryos maturing per month controlling for the 
number of eggs laid and male time tending revealed a significant positive effect of 
number of eggs laid (Coefficient = 0.002, z-value = 4.25, p-value < 0.001), indicating 
that for each additional 10 eggs laid per month, 2 percent more embryos matured per 
month. There was also a significant positive effect of male time tending on the number of 
embryos that matured (Coefficient = 0.05, z-value = 2.56, p-value = 0.01), indicating that 
for each additional minute a male spent tending, 5 percent more embryos matured per 
month. There was a significant effect of month (Post-pre: Coefficient = 0.34, z-value = 
2.69, p-value = 0.007), indicating that in the post-manipulation month, 40 percent more 
embryos matured compared to the pre-manipulation month. However, there was no 
significant interaction between treatment and month, indicating no effect of female 
handicapping (FH*Month(post-pre): Coefficient = -0.27, z-value = -1.48, p-value = 0.14) 




value = 0.34), after controlling for the effects of the number of eggs laid and male time 
tending (figure 5.3b). 
 
Figure 5.3. Effect of handicapping on pair effort. Boxplots show the median and first and third 
quartiles for the control (solid boxes), female handicapped (FH, dotted boxes), and male 
handicapped (MH, dashed boxes) groups in pre-manipulation month and post-manipulation 
month for a) the number of embryos that matured per clutch, and b) the number of embryos that 
matured per month. Fitted lines were generated from predicted values from generalized linear 
mixed models with treatment (FH, MH, and Control), manipulation month (pre and post), and 
their interaction as fixed effects, and individual ID as a random effect. The models used to 
generate predicted lines included number of eggs laid and male time tending as additional 





This study took advantage of the opportunities provided by the clown 
anemonefish system to test the entire suite of plausible alternative hypotheses for how 
parents negotiate offspring care. We found that both females and males decreased their 
parental effort in response to being handicapped via fin-clipping. However, females and 
males responded to being handicapped in different ways: females reduced the number of 
eggs she laid per month, while males reduced the amount of time he spent tending to the 
eggs. Contrary to our predictions, neither parent responded to changes in their partner’s 
effort in any of the metrics of individual effort we measured. Females did not modify egg 
laying or tending behavior in response to males being handicapped, and males did not 
modify the amount of time spent tending or the proportion of embryos surviving in 
response to females being handicapped. Surprisingly, despite the negative effect of 
handicapping on individual parental effort, our indicators of combined pair effort, 
measured as the number of embryos that matured to hatching, was also not influenced by 
either parent being handicapped. Together, these results do not provide definitive support 
for any of the predictions of current models for how parents should respond to changes in 
their partner’s parental effort (Table 1). Below we discuss plausible explanations for the 
observed results. 
In A. percula, pairs breed together tens or even hundreds of times (Buston 2004; 
Buston & Elith 2011) providing a context in which we might expect individuals to 
negotiate with each other. Reproduction and parental care are plastic in response to 




in response to changes social context (Barbasch & Buston 2018; Barbasch et al. in 
review). Individuals do respond to those others in their social group, both behaviorally 
and morphologically: dominant individuals will evict subordinates if they get too large or 
attempt to reproduce; subordinate individuals remain small and non-reproductive to avoid 
eviction (Buston 2003; Rueger et al. 2018; Branconi et al. in review). Therefore it seems 
likely that parents do have the capacity to adjust their reproduction and parental care in 
response to changes in their partner’s behavior. Here, we consider two alternative 
interpretations and subsequent explanations for our results: i) there is no compensation; 
ii) there is compensation, but we did not detect it. 
5.5.1 Interpretation 1: No Compensation 
One potential explanation for the lack of response is that there is some cost 
associated with responding to partner effort. Theoretical models assume that the 
negotiation period is cost-free (McNamara et al. 1999). However, this assumption may be 
unrealistic if, for example, negotiating individuals must spend time and energy signaling 
to or acquiring information about their partner (Dewitt et al. 1998; McNamara et al. 
2003). Furthermore, signals of parental effort may be unreliable or dishonest indicators of 
how much care is actually being provided (Kokko 1998; Pampoulie et al. 2004). Models 
of negotiation have not explicitly addressed how uncertainty in information about partner 
state influences the optimal response to changes in effort, however in general, unreliable 
information is predicted to disfavor responsiveness (West-Eberhard 2003). In A. percula, 




Buston 2003), so we find it likely that they can acquire honest information about their 
partner. Thus we consider this to be an unlikely explanation for our results.  
In addition to the potential costs and limits to acquiring reliable information about 
partner effort, there may be little benefit to assessing and responding to partner effort. If 
variation in parental state is low relative to variation in offspring need, then parents may 
benefit from responding to changes in the needs of the offspring and not to the relatively 
unchanging state of their partner (Johnstone & Hinde 2006). In A. percula, the needs of 
the offspring may vary dramatically as the clutch ages. Here, we found that parents of 
both sexes provided more care to older clutches compared to younger clutches, which is 
consistent with previous studies and likely due to the increased metabolic needs of the 
offspring (Green & McCormick 2005; Barbasch & Buston 2018). Weak or no response to 
changes in partner effort due to low variation in parental state and high variation in 
offspring need is a prediction of the information model developed by Johnstone and 
Hinde (2006), but it is important to note that we did not predict this outcome a priori. 
 
5.5.2 Interpretation 2: Undetected Compensation 
A somewhat surprising result of this study is that despite the negative effects of 
the handicap and the lack of a detectable compensatory response by the non-handicapped 
partner, the pair’s combined effort did not change in response to either parent being 
handicapped. There are three possible explanations for this. First, fin-clipping may not 
have been an extreme enough manipulation to result in a detectable effect on pair effort, 




observation). However, we chose to use fin-clipping to manipulate parental effort as it is 
analogous to the common feather-clipping manipulations in birds (Harrison et al. 2009), 
and a more prolonged manipulation using more groups was not feasible.  
Second, the absence of an effect of the manipulation on pair effort could result 
from some unmeasured response that compensated for reductions in partner effort. For 
example, females may be capable of adjusting the size or nutrient content of the eggs she 
lays (Mousseau & Fox 1998), which might compensate for reductions in male parental 
care. Similarly, males may be capable of adjusting the quality, in addition to the quantity, 
of the care he provides. Males are known to fan the eggs with their fins to oxygenate 
them and clean the nest of waste and debris (Green & McCormick 2005; Barbasch & 
Buston 2018), and thus increases in fanning frequency might serve as a way for males to 
compensate for reductions in the number of eggs laid by females. In this study we were 
unable to score fanning behavior, as the eggs were almost always obscured by the 
tentacles of the anemone in the field (personal observation), but fanning can only occur 
when the parent is already in close proximity to the eggs, and thus is correlated with 
tending. In some gobies, males adjust their fanning frequency in response to both clutch 
size and female presence (Pampoulie et al. 2004), and male time spent fanning the nest is 
an important determinant of embryo survival (Karino & Arai 2006).  
Third, one essential consideration in studies of negotiation is when the negotiation 
is likely to take place. For example, it has been suggested that in some species, 
negotiations may take place during courtship and not during the period of care (Houston 




whether or not a response is detected. Furthermore, if pairs breed together multiple times, 
negotiations may take place during earlier stages of parenting and be relatively inflexible 
to changes within a breeding attempt (Schwagmeyer et al. 2002; Nakagawa et al. 2007). 
A dynamic model of how negotiations operate during repeated bouts of investment 
predicts that if parents are negotiating based on the amount of care provided in the 
previous bout, parents will provide more care during later bouts (Lessells & McNamara 
2012). In A. percula, females lay more eggs per clutch the more times a pair breeds 
together (Buston & Elith 2011), suggesting that pairs may be negotiating based on their 
partner’s previous investment. One way to test this hypothesis is to determine whether 
handicapping influences female and male effort in the subsequent breeding attempt. The 
difficulty in this is to restrict the handicap to a single breeding attempt, to ensure there are 
no prolonged effects that carry over into subsequent breeding attempts. Manipulations of 
clutch size or embryo survival within a breeding attempt would therefore be appropriate 
to explicitly test this hypothesis. 
If females and males are indeed compensating for their partner being 
handicapped, our results suggest that parents are fully compensating for changes in their 
partner’s effort because pair effort was the same regardless of whether or not one parent 
was handicapped (Figure 3). Thus, anemonefish parents are not facing the predicted “cost 
of conflict” (McNamara et al. 2003). A model of negotiations that focuses on the 
incubation period suggests that full compensation might result if the benefits of 
maintaining some threshold level of care are great. However full compensation was not 




evolutionary time under circumstances where conflict between parents is low (Jones et al. 
2002). Low conflict between parents may exist in A. percula and other species that form 
long-term monogamous pairs. Furthermore, A. percula parents have few outside options 
as anemone habitat is saturated and the probability of predation outside the anemone is 
high (Buston 2003b), which may result in strongly overlapping interests between caring 
parents. However, theory that incorporates common interests is needed to determine 
whether or not full compensation is an evolutionarily stable strategy (Houston et al. 
2005). Furthermore, manipulations of the presence/absence of non-breeders, which 
represent future mating opportunities for the female and male (Buston 2004), would be 
appropriate to explicitly test this hypothesis.  
5.6 Conclusion 
 Our results question the generality of current theoretical predictions and 
underscore the importance of considering the study system in developing hypotheses for 
how parents should negotiate offspring care. The clown anemonefish system provided the 
unique opportunity to test alternative hypotheses for how negotiations operate, yet the 
results did not provide strong support any of our a priori hypotheses, indicating that 
despite theoretical and empirical advances, there are still gaps in our knowledge. Models 
that incorporate the specifics of when and how negotiations take place, as well as how the 
mating system influences the costs and benefits of effort, may help us better predict how 
parents should respond to changes in partner effort (reviewed in Houston et al. 2005). 
Additionally, empirical tests across a broader array of taxa and social systems will allow 




This study provides the first test of negotiations in a coral reef fish, serving as a 
framework for tests of plausible alternative hypotheses in other species and expanding 







 6.1.1 Contributions of this Dissertation 
My dissertation research creates a novel framework for understanding how and 
why parents provide costly parental care, ultimately helping to explain the diverse 
patterns of care observed both within and across taxa. In the first part of my dissertation, I 
explored how the ecological environment influences plastic parenting strategies. Using a 
laboratory manipulation, I characterized variation within and among individuals in their 
parenting strategies in response to changes in food resource availability (Chapter 2). I 
demonstrated that clownfish exhibit plasticity in parental care, and that there is 
significant among individual variation, i.e., personality, in parenting strategies. 
Characterizing this variation is a key first step in determining how individuals and 
populations might respond to environmental changes. Next, to understand the causes of 
this variation, I conducted a field study to test whether variation among groups in 
reproduction and parental care is generated by differences among groups in habitat 
quality and the availability of local resources (Chapter 3). I found positive correlations 
between resource availability (anemone size) and fish body size, reproduction, and 
parental care, suggesting that variation in access to resources is an important factor 
generating among-group variation in reproductive success. Next, I tested this hypothesis 
using an experimental manipulation of resource availability and found that reproduction 
and parental care are plastic, providing strong evidence for a causal link between habitat 




two studies underscore the vital role habitat ecology plays in the stability and persistence 
of A. percula populations. 
In the second part of my dissertation, I explored how the social environment 
influences plastic parenting strategies. I developed a game theory model that explored in 
general terms how power and punishment influence negotiations between parents over 
care (Chapter 4). I found that power and punishment have the potential to influence the 
way parents respond to each other and thus how much care the offspring receive. This 
model contributes to a series of alternative models that seek to explain the diversity of 
outcomes of negotiation observed empirically (Houston & Davies 1985; McNamara et al. 
1999; Johnstone & Hinde 2006; Johnstone et al. 2014). To evaluate theoretical 
predictions empirically, I performed a test of these alternative models using a natural 
population of A. percula (Chapter 5). I experimentally handicapped one pair member and 
measured the behavioral response of the other parent. The handicap was effective in 
reducing parental effort of males and females. Contrary to predictions, however, neither 
parent appeared to respond behaviorally to changes in the condition or effort of their 
partner. Intriguingly, despite females and males reducing their parental effort when 
handicapped, pair reproductive success did not change when a parent was handicapped. 
These results failed to provide strong support for any of the current theoretical models for 
how negotiations operate, calling into question the generality of theoretical models of 
negotiations. 
Together, results from my dissertation highlight the importance of considering 




will respond to environmental changes. First, I found substantial among-individual 
variation in parental responses to the ecological environment, which may serve to provide 
some stability in population-level responses to environmental changes. Building on this 
result, I demonstrated that plasticity of parental care and reproduction in response to 
changes in the local resource environment may allow parents to adaptively respond to 
changes in their ecological environments. Next, I developed theory to show that power 
and punishment can influence the outcome of negotiations between caring parents. 
Although there is some empirical support for the role of power and punishment in 
negotiations in naked mole rats (Reeve 1992) and golden Julie cichlids (Khoda and 
Awata 2004), I did not find strong empirical support for any of the current models of 
negotiations in A. percula. These results underscore the importance of considering the 
study system in developing hypotheses for how negotiations operate and reveals there are 
still many obstacles to developing generalizable theory that can explain empirical 
patterns of care across species. Combined, these chapters provide a comprehensive test of 
the ecological and social factors that influence parenting strategies and work toward 
building a more predictive theory for how organisms respond to their environments. 
6.1.2 Future Directions 
 There are several lines of future research that will further advance our 
understanding of how and why parents provide costly parental care. First, I found that the 
ecological environment plays a vital role in generating variation in plastic parenting 
strategies, revealing the need for studies that understand the consequences of this 




plays a role in the outcome of conflict between parents, but that there is still more theory 
needed to explain the diversity of potential outcomes of parental negotiations. Third, I 
found evidence that A. percula parents may be negotiating their effort and fully 
compensating for changes in their partner’s effort, but failed to predict this outcome a 
priori based on current theory, so I propose several follow-up experiments to test other 
potential factors that might influence parental negotiations in this species. 
Consequences of variation in parental environment 
 Variation in the environment can generate variation among individuals that might 
have cross-generational consequences. For example, the environment of the parents can 
influence how parents allocate resources to reproduction and parental care, which in turn 
might influence offspring development and fitness. One important way in which these 
parental effects can have population-level consequences is by influencing the local 
contribution and dispersal of their offspring. For example, parents can influence the 
number, size, timing, and distance of dispersers, which in turn can influence how 
populations are structured (Mousseau & Fox, 1998; Braendle, Davis, Brisson, & Stern, 
2006; Donohue, 2009). Dispersal is particularly important in marine fishes, where many 
species have a pelagic larval dispersal stage and a relatively sedentary adult stage, and 
thus the patterns of dispersal and local recruitment likely drive the connectivity and 
dynamics of populations (Leis, 2007; Berumen et al., 2010; Almany et al., 2017). 
Determining the causes of variation in patterns of dispersal is fundamental to our 
understanding of population dynamics (Caley, Carr, Hixon, Hughes, & Menge, 1996; 




generating variation in traits that can influence dispersal, particularly in marine systems 
(McCormick, 2006). Experimental tests in the lab of the role of the parental environment 
in generating variation in the swimming abilities of the larval offspring, as well as field 
experiments that test how variation in the parental environment influences the probability 
of successful contribution to the local population, will provide insight into whether and 
how the parental environment might carry over to influence future generations. 
Modifications to current negotiation theory 
 The existence of biparental care poses a perplexing evolutionary question because 
parents must coordinate their behavior to raise offspring when there are costs to 
providing care and inherent conflicts of interest between parents. Theoretical advances 
have greatly advanced our understanding of the diverse possible outcomes of negotiation, 
however empirical tests of model predictions have revealed novel questions that theory 
can address. For example, although much theory has focused on the outcome of 
negotiations, the diversity of outcomes observed across species reveals the importance of 
considering how the specific negotiation process influences outcomes. In A. percula and 
other species that breed repeatedly with the same partner, parents may not undergo the 
same negotiation process as species that frequently switch mates or have many alternative 
mating opportunities. For example, the amount of time pairs spend together might 
influence when negotiations take place or the ability of parents to acquire reliable 
information about one’s partner, and thus may be important to how negotiations operate 
(Houston et al. 2005). Theory that addresses the process by which parents acquire and 




predictions for how the outcome of negotiations changes depending on the type and 
duration of interaction between parents. Additionally, in species that breed repeatedly, the 
degree to which parental interests overlap may vary through time and according to the 
availability of alternative mating opportunities (Houston et al. 2005; Lessells & 
McNamara 2012). Theoretical models that incorporate common interests and compare 
the outcome of negotiations when parents have strongly overlapping interests versus 
when parents are in conflict may help to explain empirical cases of full compensation 
(Jones et al. 2002; Wiebe 2010).  
Factors influencing negotiations in A. percula 
 A somewhat surprising result from Chapter 4 was that despite negative effects of 
handicapping there was no detectable behavioral response by the non-handicapped 
partner, providing some support for the hypothesis that parents are not negotiating their 
parental effort. However, the pair’s reproductive success did not change in response to 
either parent being handicapped, suggesting that parents may in fact be fully 
compensating for changes in their partner’s effort, an outcome that is not predicted by 
current models of negotiation. I discussed several hypotheses that might explain these 
counterintuitive results in the discussion for Chapter 4. Here, I propose two experiments 
to test these hypotheses. First, because pairs breed together multiple times, I hypothesized 
that negotiations take place during earlier stages of parenting and are relatively inflexible 
to changes within a breeding attempt (Schwagmeyer et al. 2002; Nakagawa et al. 2007), 
such that parents assess partner effort via the success of the clutch in the previous 




appealing hypothesis for why there was no change in female egg laying, as females were 
never observed laying additional eggs later in development once a clutch is laid and thus 
may be limited in their ability to respond within a breeding attempt to changes in male 
effort. We can therefore test this hypothesis by manipulating clutch size (an indicator of 
female effort) or embryo survival (an indicator of male effort) in an early breeding 
attempt and then measuring changes in reproduction and parental behavior in the 
following breeding attempts. Second, A. percula have few outside options as anemone 
habitat is saturated and the probability of predation outside the anemone is high (Buston 
2003b), which may result in parents having strongly overlapping interests. This led me to 
hypothesize that low levels of conflict between caring parents resulted in full 
compensation for changes in partner effort. We can explicitly test how conflict between 
parents influences the outcome of negotiation in A. percula by manipulating the 
presence/absence of non-breeders. Non-breeders form a queue for breeding, representing 
potential future mates for both the female and the male of the group (Buston 2004). 
Therefore, conflict should theoretically be greater among groups with non-breeders 
compared to groups with only a female and a male. These tests take advantage of the 
unique opportunities provided by A. percula as a study system, as well as our 
understanding of the ecological and social environments parents face, to broaden our 






Supplement for Chapter 4 
Under what conditions does the rank 1 benefit when there are costs to punishing? 
 To understand when punishment will be favorable when there are costs to 
punishing, we first determine how the rank 1 can inflict punishment to get a fitness gain. 
We conduct a similar analysis as that with no cost to the rank 1, but now the fitnesses of 
the rank 1 and rank 2 are given by: 
𝑊𝑊1(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) − 𝐾𝐾𝑐𝑐(𝑢𝑢1) − 𝐾𝐾𝑝𝑝1(𝑢𝑢2) 
𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 𝐵𝐵(𝑢𝑢1 + 𝑢𝑢2) −𝐾𝐾𝑐𝑐(𝑢𝑢1) − 𝐾𝐾𝑝𝑝2(𝑢𝑢2) 
Where 𝐾𝐾𝑝𝑝1 is the cost incurred by rank 1 as a function of punishing rank 2 for providing 
effort 𝑢𝑢2 and 𝐾𝐾𝑝𝑝2 is the cost to the rank 2 of being punished, previously simply 𝐾𝐾𝑝𝑝. 
Approximating the fitness functions using a Taylor expansion and solving for the 
response rules of rank 1 and rank 2 now gives: 
?̂?𝑟1(𝑢𝑢2) = 𝑢𝑢𝑁𝑁∗ +
(1−𝜆𝜆2)(𝑢𝑢2−𝑢𝑢𝑁𝑁









Solving equations (1a) and (1b) simultaneously gives the final levels of effort of rank 1 
and rank 2 in terms of the negotiated level of effort, 𝑢𝑢𝑁𝑁∗ , when there is no punishment: 
𝑢𝑢1∗ = 
𝑢𝑢𝑁𝑁∗ +  
𝐾𝐾𝑐𝑐′′𝐾𝐾𝑝𝑝1′ 𝜆𝜆2+𝐾𝐾𝑝𝑝2′′ 𝐾𝐾𝑝𝑝1′ 𝜆𝜆2−𝐾𝐾𝑝𝑝1′′ 𝐾𝐾𝑝𝑝2′ 𝜆𝜆2+𝐵𝐵′′(𝐾𝐾𝑝𝑝2′ (𝜆𝜆2−1)+𝐾𝐾𝑝𝑝1′ (𝜆𝜆1−1)𝜆𝜆2)








−𝐾𝐾𝑐𝑐′′𝐾𝐾𝑝𝑝2′ −𝐵𝐵′′(𝐾𝐾𝑝𝑝2′ (𝜆𝜆2−1)+𝐾𝐾𝑝𝑝1′ (𝜆𝜆1−1)𝜆𝜆2)
𝐾𝐾𝑐𝑐′′�𝐾𝐾𝑐𝑐′′+𝐾𝐾𝑝𝑝2′′ �+𝐵𝐵′′(𝐾𝐾𝑝𝑝2′′ (𝜆𝜆2−1)+𝐾𝐾𝑝𝑝1′′ (𝜆𝜆1−1)𝜆𝜆2+𝐾𝐾𝑐𝑐′′(𝜆𝜆1+𝜆𝜆2−2))
  (2b) 
If we assume that the cost paid by the rank 1 for inflicting punishment is proportional to 
the cost inflicted on rank 2 (i.e. multiplied by a constant), then 𝐾𝐾𝑝𝑝1 has the same shape as 
𝐾𝐾𝑝𝑝2. If 𝐾𝐾𝑝𝑝2′′  is positive, the denominator in equation (2) is positive. For rank 2 effort to 
increase, 𝐾𝐾𝑝𝑝2′  must be negative. When 𝐾𝐾𝑝𝑝2′′  is also negative, so long as it is not too large 
relative to 𝐾𝐾𝑐𝑐′′, then rank 2 effort will increase, resulting in greater rank 1 fitness. The 
change in rank 2 effort will be greater than when 𝐾𝐾𝑝𝑝2′′  is negative, resulting in greater 
fitness gains by the rank 1. So long as this gain in fitness outweighs the cost of punishing, 
then the rank 1 benefits from punishing under similar conditions as when there is no cost 
to punishing. 
How does a cost to punishing affect the response rules and negotiated levels of effort of 
the rank 1 and rank 2? 
To incorporate the cost of punishing, we add a cost to the rank 1 fitness function that 
captures the effort invested in punishing the rank 2, which is a function of rank 2 effort. 
The cost scaling parameter for the rank 1 is given by 𝑘𝑘1𝑝𝑝, and for rank 2 by 𝑘𝑘2𝑝𝑝 and the 
resulting fitnesses of the rank 1 and rank 2 are: 
𝑊𝑊1(𝑢𝑢1,𝑢𝑢2) = 2(𝑢𝑢1 + 𝑢𝑢2) − (𝑢𝑢1 + 𝑢𝑢2)2 − 𝑘𝑘𝑐𝑐𝑢𝑢𝑐𝑐2 − 𝑘𝑘1𝑝𝑝(𝑘𝑘2𝑝𝑝𝑢𝑢22 − 1) (3) 
𝑊𝑊2(𝑢𝑢1,𝑢𝑢2) = 2(𝑢𝑢1 + 𝑢𝑢2) − (𝑢𝑢1 + 𝑢𝑢2)2 − 𝑘𝑘𝑐𝑐𝑢𝑢𝑐𝑐2 − 𝑘𝑘2𝑝𝑝𝑢𝑢22 − 1 (4) 
We can find the response rules of each parent as in the above analysis by replacing 𝑢𝑢2 




responsiveness of rank 1 equal 𝜆𝜆1 and the responsiveness of rank 2 equal 𝜆𝜆2. The 








   (6) 
The response rule of rank 1 now has an additional term in the numerator, 
𝑘𝑘1𝑝𝑝𝑘𝑘2𝑝𝑝𝜆𝜆2𝑢𝑢2. Because 𝑘𝑘1𝑝𝑝𝑘𝑘2𝑝𝑝 is negative, the slope of the rank 1 response rule increases 
relative to when 𝑘𝑘1𝑝𝑝 = 0. We can then find the ES levels of effort by solving equations 
(5) and (6) simultaneously. Even though the responsiveness (slope of the response rule) 
of rank 1 is greater than the negotiated responsiveness with no cost to punishing, the ES 
level of effort is still less for the rank 1 and more for the rank 2 relative to the original 
model. Furthermore, the x-intercept of the rank 1 response rule is now less than 1, 
indicating that the optimal level of effort provided by rank 1 will be zero for some value 
of rank 2 effort even though the rank 2 is not fully compensating. An interesting result 
from this analysis is that when there is a cost to punishing, the rank 1 will be more 
responsive to changes in rank 2 effort, but the resulting amount of effort will be less than 
if there is no cost to punishing. 
How does a cost to punishing during negotiations affect the survival of the offspring? 
When there is a proportional cost to the rank 1 of punishing the rank 2 (i.e. 𝐾𝐾𝑝𝑝1 =
𝑐𝑐𝐾𝐾𝑝𝑝2, where c is a constant), equations (2a) and (2b) show that  total effort also increases 
relative to when there is no punishment. Therefore, when the rank 1 punishes the rank 2, 




increases, and the offspring receive greater overall care than when the rank 1 does not 





Supplement for Chapter 5 
Models were run without the additional covariates described in the main text, to 
determine the overall effects of the manipulation on female time tending, male time 
tending, proportion of embryos surviving, number of embryos maturing per clutch, and 
number of embryos maturing per month. No additional significant effects of the 
manipulation were found, indicating that there was no detectable effect of the 
manipulation above and beyond the effects of female egg laying and male parental care 
on female, male, and pair effort. 
Effect of Manipulation on Female Effort 
For the model of female time tending, the model was assessed without including 
the number of eggs laid as a covariate. When number of eggs laid is excluded, the model 
asks whether there is an effect of the manipulation on female time tending, without 
controlling for any effects of the number of eggs laid on female tending. The model 
revealed the effects of clutch age, treatment, month and the interaction between treatment 
and month on female parental care. There was a significant effect of clutch age on female 
tending (old-young: Coefficient = 0.74, df = 288, t-value = 5.01, p-value < 0.0001) 
indicating that females spent 44 percent more time tending for old clutches (day 6 or 7) 
compared to young clutches (day 3 or 4). There was no significant overall effect of month 
(Pre-post: Coefficient = 0.23, df = 308, t value = 0.88, p-value = 0.38) on female time 
tending. The interaction between treatment and month was not significant, indicating that, 




(FH*Month(post-pre): Coefficient = -0.48, df = 310, t-value = -1.26, p-value = 0.21) or 
male handicapping (MH*Month(post-pre): Coefficient = 0.18, df = 311, t-value = 0.48, 
p-value = 0.64). 
Effect of Manipulation on Male Effort 
Similarly, for the model of male time tending, the model was assessed without the 
covariate number of eggs laid. When number of eggs laid is excluded, the model asks 
whether there is an effect of the manipulation on male time tending, without controlling 
for effects of the number of eggs laid on male tending (Barbasch et al. in review). The 
model for male time tending without the covariate number of eggs laid reveals the effects 
of clutch age, treatment, month, and the interaction between treatment and month on male 
parental care. There was a significant effect of clutch age on male time tending (late-
early: Coefficient = 2.18, df = 294, t-value = 9.59, p-value < 0.0001), indicating that 
males spent 26 percent more time tending for old clutches compared to young clutches. 
There was a significant effect of month on time tending (Post-pre: Coefficient = 0.91, df 
= 310, t-value = 2.22, p-value = 0.02), indicating that males spent 9 percent more time 
tending in the post-manipulation month compared to the pre-manipulation month. There 
was no significant interaction between treatment and month, indicating that relative to the 
controls, male time tending did not change in response to female handicapping 
(FH*Month(post-pre): Coefficient = -0.58, df = 314, t-value = -0.96, p-value = 0.34) or 
male handicapping (MH*Month(post-pre): Coefficient = -0.94, df = 312, t-value = -1.62, 
p-value = 0.11). 




The models of pair effort (number of eggs maturing per clutch and per month) 
were assessed without the covariates number of eggs laid and male time tending. When 
both covariates are excluded, the models ask whether there is an effect of manipulation 
on pair effort, without controlling for the effects of number of eggs laid and male time 
tending on pair effort.  
The model for number of embryos maturing per clutch without the covariates 
number of eggs laid and male time tending revealed the effects of treatment, month, and 
their interaction on the number of embryos that survived per clutch. There was a 
significant effect of month on number of embryos maturing per clutch (Post-pre: 
Coefficient = 0.33, z-value = 2.08, p-value = 0.04), indicating that 39 percent more 
embryos matured per clutch in the post-manipulation month compared to the pre-
manipulation month. However, there was no significant interaction between treatment 
and month, indicating that relative to the controls, the number of embryos maturing per 
clutch did not change in response to female handicapping (FH*Month(post-pre): 
Coefficient = 0.007, z-value = 0.31, p-value = 0.97) or male handicapping 
(MH*Month(post-pre): Coefficient = 0.23, z-value = 1.05, p-value = 0.30). 
The model for number of embryos maturing per month without the covariates 
number of eggs laid and male time tending revealed the effects of treatment, month, and 
the interaction between treatment and month on the number of embryos that matured to 
hatching each month. There was a significant effect of month (Post-pre: Coefficient = 
0.50, z-value = 3.99, p-value < 0.0001), indicating that in the post-manipulation month, 




there was no significant interaction between treatment and month, indicating no effect of 
female handicapping (FH*Month(post-pre): Coefficient = -0.21, z-value = -1.19, p-value 
= 0.23) or male handicapping (MH*Month(post-pre): Coefficient = -0.05, z-value = -
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